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PREFACE

A major objective of programs of the National Aeronautics and Space Adminis-

tration is to investigate and implement the adaptation of space technology for peace-

ful uses. As a part of one program, the Federal Systems Division of the Internation-

al Business Machines Corporation has conducted a comprehensive study of the

requirements for conducting an integrated set of experiments in a series of manned

earth-orbiting laboratories which would lead to the realization of such peaceful uses

of space. The Willow Run Laboratories of The University of Michigan's Institute of

Science and Technology was asked to assist in this work and, as a subcontractor to

IBM, has conducted a three-month study to survey potential applications of observa-

tion spacecraft in a number of important scientific and economic activities and to

consider the program of ground-based and orbital experimentation required to

develop this capability.

The results of the first phase of this investigation conducted by the Willow Run

Laboratories are reported in this three-volume report. Volume I is an introduction

and summary of the work performed. Volume II contains a comprehensive survey

of potential applications of earth-observation spacecraft and the anticipated benefits.

Volume III describes some of the requirements to be met by the orbital sensing

devices and the manned earth-orbiting experiments proposed for developing the

orbital sensing capability.

This investigation was conducted by the Infrared and Optical Sensor Laboratory

under the supervision of Mr. M R. Holter, Head of the Laboratory, and Mr. D. S.

Lowe, Principal Investigator. Staff members with major responsibility for the proj-

ect were I. J. Sattinger, Research Engineer and Project Leader, and F. C. Polcyn,

Associate Research Engineer and Project Leader for Experiment Definition Studies.

Since the material in this report was produced through the efforts of people in

many disciplines with only a limited time available, the statements made herein are

based on their judgments and do not necessarily reflect the endorsement of NASA,

IBM, or The University of Michigan. Acknowledgment of the work of the many in-

dividuals who participated in or contributed to this study are included in the appendix

to Volume I.
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ABSTRACT

Earth-observation spacecraft have many potential applications in the fields of

geography, agriculture, forestry, hydrology, wildlife management, oceanography,

geology, air pollution, and archaeology. Substantial scientific and economic benefits

could result from the use of sensors carried aboard earth-orbiting spacecraft for

earth mapping, collection of agricultural census data, forest inventory, wildlife

habitat assessment, detection of sea ice, measurement of sea surface temperatures,

and many other uses.

Types of sensors to be considered for these purposes include photographic

cameras with focal lengths ranging from 0.5 to 20 ft, infrared scanners, multi-

spectral sensing systems, noncoherent and synthetic-aperture radar, microwave

radiometers, and laser altimeters. The development of operational systems of

observation spacecraft would require a research and development program which

included preliminary ground-based and airborne experiments followed by a series

of manned earth-orbiting experiments. The preliminary experiments would pro-

vide information on sensor characteristics and capabilities for observing natural

and cultural phenomena on the earth's surface which would be necessary for design

of experimental orbiting sensors and planning of orbital experiments. The objective

of the manned earth-orbiting experiments would be to ascertain the optimum condi-

tions for sensor operation and to demonstrate the feasibility of future operational

systems. In the manned earth-orbiting experiments, predicted characteristics of

the atmosphere would be checked, individual sensors calibrated, sensor perform-

ance measured, and imagery and other data collected over both land and water,

which would be analyzed to determine the feasibility of detection and identification

of earth-based objects and the best methods for employing future operational earth-

observation spacecraft.
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I

OBJECTIVES OF THE EXPERIMENTAL PROGRAMS

I.I. INTRODUCTION

The manned earth-orbiting laboratory should be the finalplatform for proving the feasibil-

ity of sensing from space. The overall experimental program should consist of an integrated

step-by-step approach beginning with preorbital experiments. Test sites will have been devel-

oped for sensor calibration to be used on a continuing basis as components and systems develop.

The ground measurements and low altitude experiments will establish the detection mechanism

for the particular application and will permit a general prototype sensor configuration to be

determined. The objectives of the orbiting experiments will then be to identify what physical

variables can still be reliably sensed (despite the change in altitude, environment, etc.) and

what configuration of sensors is best suited to the task. The experiments will also identify

the engineering and scientific advances needed in sensor design and components to insure oper-

ational feasibility.

The experiments discussed in the following sections are representative of the type of orbit-

ing experiments to be conducted. As more information is collected through experiments con-

ducted at or near the earth's surface, the details of a particular experiment can be defined

accordingly. The areas of applications where sufficient information already exists to outline

an experimental method have received more attention than those areas of applications where

preliminary suborbital testing is needed to verify feasibility of remote detection of the phenom-

ena.

1.2. PREORBITAL PROGRAM

As a means of making any program of orbital reconnaissance experimentation fully effec-

tive, a preliminary program of preorbital experimentation must be conducted to explore the use

of new sensory capabilities from conventional aircraft and to establish the ground test sites, at

which ground truth has been carefully measured and recorded, against which the orbital recon-

naissance data may be checked.

The necessity for preorbital research programs is fully recognized. However, the primary

purpose of the study reported herein is to delineate the ultimate uses of satellite reconnaissance

systems and to define the orbital phase of the experimental program. The preorbital phase will

therefore be discussed in this report only briefly to present the main outlines of this portion



of the program. Major emphasisis placedondefiningtheorbital phaseof the experimental

program,basedonthe assumptionthat the initial phaseshavebeensuccessfullyperformed.

1.2.1. GROUNDTESTSITES. It is anticipatedthat groundsites will beselectedby oneor

moreof theNASATechnicalApplicationCentersconcernedwith the orbiting remotesensing

program. Eachgroundsite selectedto representa particular area of technicalor scientific
interestwill containa series of objectsor featurestypical of that interest, asa meansof de-

terminingthe capabilitiesof orbiting sensorsto detectandidentify suchobjects. Dependingon
theareaof interest represented,suchfeaturesmight includeavariety of geologicformations,

typesof soil andvegetation,anddrainagesystems. Test sites wouldalso includeurbancom-
munitiesandcontainspecialman-madeobjectsof interest, suchas vehicles, roads,buildings
andotherstructures. For oceanographicstudies,a regionof theocean'ssurfaceshouldbe

usedonwhichconcentratedresearchhasbeenperformedandadequateinformation is available.

Specialground-basedsystemsof meteorologicalinstrumentationandsensorcalibration
will beinstalled. To measuresensorresolution, specialtest patternswill beused. The ground

test site will be completelysurveyedto providephotogrammetriccontrol for analysisof the

pictorial dataobtainedby airborne sensors.

If seriousinterferenceis expectedwithobservationsof a singlegroundtest site because

the site is coveredby cloudsfor muchof the time, two or three geographicallyseparatedsites

of a singletypemaybejustified.

1.2.2. PREORBITALTESTING.A major functionof the preorbital experimentationis to

producea detailedandaccuraterecord of all conditionsat eachgroundtest site pertinentto the
recording,analysis,andevaluationof pictorial data. This will bedonebothby observationfrom

thegroundandby overflights of the test site usingeachtypeof sensorwith suitablecombinations

of spectralrange,sensitivity, andresolution,andundervarious conditionsof temperature,

lighting,andweather.

Pictorial dataproducedduring this preliminary test phaseunder favorableweathercondi-

tions andwithgoodresolutionwill providean idealizedreferencebaseagainstwhichto compare

dataproducedby anorbiting vehicle. Thepreorbital experimentscanalsobeextendedto pro-
vide a realistic indicationof the quality of imageryto beexpectedfrom orbiting sensors. This

canbedoneby modifyingthe systemperformanceto includea simulationof the additional

effectscausedby operatingthe sensorsfrom a spaceplatform. In particular, theseeffects
could includethetransmissionandreflection characteristics of the interveningatmosphere,



the reduced resolution caused by the substantial distances covered, and the deterioration of

image quality caused by transmission of the data over a space-to-earth data link. These simu-

lated effects could be produced by the use of special devices which are operative during the

airborne flight tests. Alternatively, realistic results could be obtained for some conditions by

introducing the simulated effects in laboratory experiments using previously recorded data.

The preorbital testing will furnish practical experience with the types of sensing equipment

which will later be used in the orbiting system. It will be possible to select the best operating

parameters and modes of the equipment and to make any final adjustments and modifications in

system design which appear to be necessary for the orbiting system. Investigations of proposed

methods and equipment for data transmission, data processing, attitude control, or image mo-

tion compensation may also be conducted, if necessary.

1.3. ORBITAL EXPERIMENTATION

1.3.1. OBJECTIVES. The preorbital program of experimentation and site preparation just

described will provide the necessary foundation for the interpretation of the data acquired during

the subsequent program of orbital experimentation. The ultimate criteria for the evaluation of

pictorial information gathered by observation satellite are the timeliness of the information and

the quality of the imagery, particularly the ease with which photointerpretation processes can

detect and identify objects of interest.

The data generated by the orbiting equipment in the ORL (Orbiting Research Laboratory)

will be studied to achieve the following objectives:

a. Selection of the system design parameters and operating conditions producing the best

system performance.

b. Evaluation of the usefulness of imagery obtained by the various sensors.

c. Collection of information on which to base the design of future operational systems for

specific applications.

1.3.2. TEST PROCEDURES. During the ORL experimental program, each of the various

sensors will be operated to acquire imagery as the ORL passes over each of the ground test

sites. The sensor operating modes and parameters will be varied to determine the best operat-

ing conditions. Auxiliary data on communication, navigation, and image motion compensation

equipment will also be recorded simultaneously to assist the analysis of system performance.

Data measurement and recording activities will also take place at the ground site concurrently

_ith periods of observation from the ORL. Information will be obtained concerning the type,



location,size,andemitting or reflecting conditionsof naturalandcultural featuresof the

terrain, aswell as specially-preparedtargets. Thetest area shouldalso beobservedby air-

bornes._nsingsystemssimilar to thoseusedin the ORL,theseobservationsbeingconducted

concurrentlywith the passageof the ORL. This methodof test operationwill permit direct
comparisonof the ORLdatawith theairborne data. All datashouldbeanalyzedandinterpreted

_ith minimumdelay,sincethis will makeit possibleto acquiremissingdataor checkquestion-
ableconditionsbefore significantchangesoccur.

Theanalysisandinterpretationaboardthe ORLwill beconfinedprimarily to quick looks

at thedatato ensurethat theequipmentis functioningas expectedandto makingdecisionscon-

cerningconditionsfor subsequentexperiments. Moredetailedanalysesleadingto extrapolations
of thetest results to other conditionsandevaluationof specific configurationswill bedeferred

for investigationby ground-basedpersonnel.

Data-processingequipmentperformingseveral typesof functionswill beprovidedto assis:

ORLpersonnelin their operations. For datastoredonphotographicfilm or magnetictape, film

developingequipmentandtapeplaybackequipmentcanbeprovidedto processthedatasothat
it maybeobservedonboardthe ORL. Data-processingequipmentwill be providedfor types

of datarequiring specialprocessing. In particular, highresolution radar dataas initially ac-

quiredmustbeprocessedin a specializedtypeof computingsystem.

1.3.3. DATAANALYSIS.Imageryobtainedduring the ORLexperimentswill bestudied

intensivelyto provideinformationof several types. Onetype of informationdesired is con-
cernedwiththetechnicalperformanceof the sensingequipment.The imageryreturnedto the

groundwill bestudiedto measurethe groundresolution, tonegradations,andtemperature

sensitivity obtained,andto notethe effectsof atmosphericinterference,systemnoise,andother
disturbinginfluences.

In additionto pictorial data itself, informationconcerningsystemperformancewill beob-
tainedfrom the recordingandexaminationof auxiliary data. Recordsmadeof the performance

of equipmentusedfor positionlocation,attitudestabilization andcontrol, datastorage,process-

ing,andtransmissioncanbeanalyzedto ascertain the effect whichtheseauxiliary functions

haveonsensingsystemperformance.

Sincethe performancecharacteristics of sensinganddata-transmissionequipmentare al-

readygenerallyknown,theprimary emphasisin spaceexperimentationwill be to learn ho_ the

environmentandoperatingconditionsof spaceaffect thesecharacteristics. The effectsof the
individualdesignandoperatingfeatureson imagequality (resolution,dynamicrange,sensitivity,

4



etc.)can be assessed by comparisons of imagery obtained under different system conditions

and at different points along the data transmission chain. For example, a single ground test

site can be observed under different sets of conditions and the sensor output, on film or tape,

can be processed by alternative methods, to ascertain what combinations produce the best re-

sults. The effect on image quality of a link in the data transmission chain can be measured by

comparing the quality of the image at each end of the link. Some of this experimentation with

data acquired by sensors located in the ORL can be performed in ground-based laboratories.

1.3.4. USER EXPERIMENTS. In addition to the quantitative measures of system perform-

ance, the usefulness of the imagery for photointerpretation of test objects and conditions at

each of the ground test sites will be investigated. The evaluation of image quality can be judged

by personnel experienced not only in the interpretation of photography in the visible region but

in the special problems of interpreting imagery in the infrared and microwave regions. A formal

method of evaluation would be to provide such personnel with pictorial data, requiring them to

detect and identify objects of interest without prior knowledge of ground truth data.

Once the capabilities of the sensing system for itsvarious uses have been established, the

experimental orbital sensing equipment will be used to acquire samples of imagery from other

areas of the earth's surface as a means of extending our knowledge of system capabilities for

observing unknown environments. In addition, this sample data along with a complete coverage

of the earth's surface at small scale will provide the scientificcommunRy with a preliminary

look at the earth which will be useful for planning the later acquisition of data in areas of special

interest to be collected by future operational systems.

For this purpose, one early objective of the ORL experiments should be to produce a com-

prehensive set of imagery to give the various users an overall view of the earth's surface. This

set of imagery should include a complete coverage of the earthts surface at a small scale (e.g.,

1:800,000) in several spectral bands and under various conditions of season, weather, Ughtlng,

etc. In addition, coverage at larger scale should be provided (e.g.,1:60,000} of selected ground

sites, urban areas, random samples, and areas of special interest as observed from orbit,

amounting to perhaps 1% of the earth's surface.

The pictorial data or instrument records, after preliminary processing and storage will be

used to provide a current map of the earth's surface and will be made available to the various

types of scientists and engineers to permit them to study the results for planning modification

or use of the techniques.

5



The ultimate objective of the ORL program is to perfect techniques for using the data for

the scientific and economic applications discussed elsewhere in this report. Some of the scien-

tific and economic objectives will be achieved during the ORL program itself, while others will

require the initiation of operational systems.

In the case of pictorial data, initial interest of the scientific community will be centered

on learning to identify objects or features of interest and relating them to ground truth data.

It will be necessary to determine how closely observation from spacecraft corresponds with the

equivalent observation from aircraft and to learn how to adapt to the differences in the appear-

ance of the results. Special attention should be paid to observing unusual results which may

reveal unexpected natural phenomena occurring at the earth's surface which are apparent only

from the vantage point of a spacecraft. For certain types of applications, the required informa-

tion is to be obtained by an indirect method, e.g., through interpretation of spectral signatures,

automatic character recognition, or correlation of an observable physical quantity with a politi-

cal or economic characteristic. For these cases, the ORL experiment will be designed to de-

velop the method by providing imagery which can be analyzed and checked against ground truth

data.

For the development of operational techniques, other experiments will be conducted aimed

at establishing the requirements of operational systems with respect to repetition frequency,

speed of data delivery, etc.



2

TYPES AND CAPABILITIES OF SENSORS REQUIRED

In this section the general characteristics of sensors which will have useful application

from space platforms are outlined and specifications of prototype systems are given.

2.1. PHOTOGRAPHIC SYSTEMS

2.1.1. DESIGN CONSIDERATIONS. The photograph still remains one of the most compact

information storage media so that camera systems have a major role to play in space recon-

naissance for natural resources. Even so, the particular camera configuration best suited for

space photography needs to be assessed. One can compare systems in three groups; the frame

camera, the slit camera, and the panoramic camera (Ref. 1 through 4). The frame camera

is best suited for mapping functions but requires accurate image motion compensation (IMC) to

obtain the best resolution potential for the system at high orbital velocities. The slit camera,

in which the film is moved past a narrow slit in the image plane, is automatically compensated

for the image motion problem found with the frame camera, but is susceptible to distortion af

the images when the v/h control of the film speed is misadjusted. In the panoramic system, the

use of rotating mirrors, lenses, and/or prisms permit horizon-to-horizon photography, over-

coming the limitations of wide angle refraction lens systems.

It can be argued that horizon-to-horizon photography from space may not be desirable be-

cause the long slant range path through the atmosphere reduces the contrast and decreases the

ground resolution. Furthermore, the height adva_utage of orbital altitude geometrically permits

wider coverage than one encounters with conventional aerial photography so that the need for

horizon-to-horizon coverage is relaxed. For those applications where synoptic coverage of

the earth is mandatory, increasing the number of satellites in orbit is the trade-off necessary

when using limited FOV systems at 200 nautical mile altitudes. For special applications, one

might use the panoramic system when mapping accuracy is relaxed and resolution for large

slant ranges is adequate for the particular application.

It is not the purpose here to compare all types of photographic systems including the use o_

TV systems (see App. A.2) and systems using electrostatic or thermoplastic recording in place

of film. Such alternatives to film, in combination with data transmission systems, represent a

potential solution to the problem of getting information in real time to earth data centers for

immediate analysis and dissemination. Nevertheless, the optical systems necessary to collect

the reflected energy and focus this energy on a suitable transducer (film, photodetector, cathode



surface of orthicon or a treated electrostatic surface, etc.) will be a common subsystem and

one of the limiting factors in the ability to photograph the earth at a particular ground resolu-

tion. Table I lists for comparison the theoretical resolution of a selection of camera objec-

tive diameters as limited by the Rayleigh diffraction principle (i.e., angular resolution

1.22 wavelength of light_
diameter of objective ]' The calculations are based on a wavelength of 1 micron partly for

convenience and partly in recognition of the usefulness of the longer wavelengths for haze pen-

etration. The table also shows the ground resolution corresponding to the nominal orbital alti-

tude of 200 nautical miles or 1.2 x 106 ft. Thus, it is easily seen that 2 foot ground resolution

capability requires at least a 36 inch diameter collector. For larger diameter systems, the

resolution reaches an upper limit because of atmospheric turbulence: the minimum resolution

(Ref. 5 and 6) appears to be limited to 1 to 2 ft under poor seeing conditions and to 2 to 3

inches under good seeing conditions. Thus very large diameter systems can be used to improve

only signal/noise and not resolution.

Table II shows the expected angular coverage and scale which might be expected through

a choice of focal length and size of film format. Thus for photography at 1:60,000 scale, a focal

length of 240 in. is required, and with standard 9" x 9" film, an angular coverage of 2.1 ° x 2.1 °

is obtained. This represents an area of approximately 8 miles on a side or 64 square miles.

If the 36" diameter objective is used with a 240" focal length, an f/6.6 optical system is pro-

duced with a theoretical 2 ft ground resolution. The f/number is relatively slow, so that film

with high ASA exposure index is required and/or longer exposure times must be used. But

longer exposure time permits further degradation of resolution capability and increases the

requirement for image motion compensation. The trade-off cycle begins. High speed films

tend to be more grainy which may become the system limitation in resolution. So larger diam-

eter optics are employed to gather more light and permit shorter exposure times. But even-

tually one is limited by size considerations and mechanical construction tolerance. Larger

diameter objectives will probably have to be assembled in space.

2.1.2. EXPERIMENTAL CAMERA SYSTEMS. Experiments using three separate camera

configurations are proposed, because of the range of applications encountered and because the

space available in the ORL would probably vary from vehicle to vehicle and depend on joint re-

quirements of other experimentors. The specifications for these systems are listed in Table

HI. The systems are considered to employ 9" x 9" film format and require about 50 lp/mm

film resolution capability. The 12" diameter system has the capability to use film with up to

250 lp/mm before the system becomes diffraction-limited at 5 ft ground resolution.

8



TABLE I. THEORETICALRESOLUTIONOF SELECTEDCAMERAOBJECTIVES

Diffraction Limit

Diameter in Radians for _ = 1 micron

2"~ 5cm 24× 10-6

6" ~ 15 cm 8 × 10 -6

12" - 30 cm 4 x 10 -6

18" ~ 50 cm 2.4 x 10 -6

36" - 100 cm 1.2 x 10 -6

72" ~ 200 cm .6 x 10 -6

-6
120" ~ 300 cm .4 x 10

Theoretical Ground Resolution

from 200 n mi altitude

30 ft ~ I0 meters

10 ft ~ 3 meters

5 ft ~ 1.6 meters

3 ft ~ 1.0 meters

1.5 ft ~ .5 meters

.7ft ~ .24 meters

.48 ft~ .16 meters
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TABLE II. ANGULAR FIELD OF VIEW FOR SELECTED FOCAL LENGTH SYSTEMS
USING COMMON FILM SIZES

Image Size 35 mm 70 mm 5" 9" 18" Scale at
Focal Length .937" x 1.437" 2.25" sq 4" x 5" 9" 18" 200 n mi altitude

in. cm

6 15 10.1 ° x 13.7 ° 21.3 ° 36.9 ° x 45.2 ° 73.7 ° 112.6 ° 1:2,400,000

12 30 4.5 °× 6.8 ° 10.7 ° 23.5 °x 18.9 ° 41.1 ° 73.7 ° 1:1,200,000

18 50 3.0 ° x 4.6 ° 7.7 ° 12.7 ° x 15.7 ° 28.1 ° 53.10 1:800,000

36 100 1.6 ° × 2.2 ° 3.7 ° 6.4 ° x 8.0 ° 14.2 ° 28.1 ° 1:400,000

120 300 .47 ° x .67 ° 1.1 ° 1.9 ° × 2.4 ° 4.3 ° 8.6 ° 1:120,000

240 600 .25 ° x .33 ° .53 ° .97 ° x 1.1 ° 2.1 ° 4.3 ° 1:60,000

600 1500 .10 ° x .13 ° .23 ° .40 ° x .50 ° .87 ° 1.7 ° 1:24,000

1200 3000 .05 ° x .07 ° .10 ° .20 ° × .23 ° .45 ° .87 ° 1:12,000

NOTE: 1 ° equals approximately 20400 ft at nadir of satellite at 200 n mi altitude.
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As indicatedearlier, the systemgivinga scaleof 1:2,400,000will beuseful for geology,
andfor generalorientationandreference. It wouldhavea FOVof 74°. The1:800,000scale

systemrepresentsa usefulcompromise,i.e., 28° for usein mapmaking. The1:60,000scale
systemwitha FOVof 2° will beneededfor the statistical samplingof area measurementsof

crops,andthe identificationof detail in all applicationswheregroundresolutionapproaching

2ft in required.

2.1.3. SYSTEMCALIBRATION.Calibrationtests for photographicsystemswouldinclude
thefollowingsteps:

(1) Laboratoryexperiments,consistingof sinewaveresponsetests.

(2) Field testsof resolutionasa functionof contrast (includingblackvs. white, anddark
grey vs. light grey).

(3) Airborne tests:

(a) Preliminary test for generalfunctioning(1,000ft altitude).

(b) Testof detail at small scale (20,000ft altitude).
(c) Testof contrast reductionby atmosphericabsorptionandscattering(100,000to

200,000ft altitude).
(4) Testingof operationalfeasibility at orbital altitudes.

Testpatternsof moderatesizecouldbepreparedfor resolutiontesting. For tests requiring
extendedpatterns,existingman-madestructures suchas interstate highwayswouldbeusedto

test for resolutionandcontrastreductioneffects. Alternate sectionsof straight runs couldbe

paintedblackandwhiteor shadesof grey. Thesesites wouldbeselectedin areas wherethe
air is clearest. Otherpossibilities are the regular undulationin sandduneareas,artificially

producedpatternsin waterbroughtaboutby explosivecharges,or parallel densesmoketrails
laid downbylow altitudeaircraft andcomparisonbetweena satellite photographanda high

qualityaerial photographof thesameareatakenasthe satellite passes.

2.2. MULTISPECTRALSENSORS

2.2.1. SPECTRUMMATCHINGCONCEPTS.While recognitionor identification onthe

basisof shapeinformationis relatively simple andstraightforward, it requiresprohibitive

informationrates whentheobjectbeingsoughtis small in comparisonwith thearea being
searched.Therefore,in applicationswhereoneis searchingfor materials whichhavea char-

acteristic spectraloutput,it maybeconsiderablymoreconvenientto identify the material by
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virtue of its over-all spectral response rather than the shape of its components. The technique

has potential in agricultural, geological, hydrological, and air pollution applications.

Color photography and multi-lens cameras represent techniques for identifying materials

by discrimination of their spectral response. Color films merely display the reflectance of

objects in three wavelength bands. The human observer then distinguishes the differences in

spectral reflectance of objects in the scene as a difference in color. MuRi-lens cameras re-

cord individual spectral bands as separate images on photographic film.

In a spectrum matching sensor, on the other hand, the spectral reflectance of each resolu-

tion element in a scene is observed by detectors which put this information in electrical form.

Real time signal processing techniques can be used to determine how well the spectrum of the

resolution element under observation correlates with the characteristic spectral reflectance

of the material for which the sensor is searching. By using an optical-mechanical scanner, the

spectrum matching need not be limited to the photographic region. Indeed, itneed not be limited

to the reflected signature and can include the thermal emission signature.

Such an operational sensor would consist of an optical-mechanical line scanner with a sin-

gle scanning aperture, a dispersing system, and rnuRiple detectors each observing at different

wavelengths the radiation from a resolution element defined by the scanning aperture. The sig-

nals from the detectors are transferred into a signal processor which determines how well the

spectrum correlates with the object being sought. Optical-mechanical scanners have the ad-

vantage that the output is in electrical form and can be processed and telemetered in real time.

Thus the potential for improvement in identificationin real time appears to rest in the de-

velopment of multispectral technology. Holter and Legault (Ref. 7) have given the motivation

behind this scheme. Existing rnultispectral data provides considerable support for the hope that

satellitereconnaissance using multispectral sensors will permit identificationof a wide variety

of terrain, particularly farm land, and observation of sea surface characteristics. Earlier

work of Colwell (Ref. 8 ),although limited to visible and near infrared photography in two

spectral regions, provides examples of identificationof diseased crops and of coastline delin-

eation. More recent results reported by Lowe, Shay, LegauR and Polcyn (Ref. 9 and 10)

using an airborne scanner operating in seven wavelength intervals from 0.4 to 14 microns also

demonstrate the feasibilityof distinguishing between several types of ground terrain.

2.2.2. EXPERIMENTAL MULTISPECTRAL SYSTEMS. We should not limit our attention

to only those multispectral techniques which acquire simultaneous data with different sensors

and require data processing by comparing several pictures with machine and image interpreters;

13



both methods add considerable time for extraction of information. What is needed is the de-

velopment of sensors that combine the real time generation of electrical video analogs, such as

with an optical mechanical scanner, with the simultaneous spread of spectral wavelengths, such

as with a spectrometer. Individually filtered multi-element detectors or rotating filtering disks

are only approximations to the ideal of acquiring spectral information instantaneously from the

same resolution element. The approximate approaches will be useful mostly in the research

phase for determining the classes of objects which have statistically different and identifiable

spectral signatures.

With this qualification in mind, the multispectral instrumentation configurations recom-

mended for ORL experiments would include the following:

(1) A 9 lens camera using cut film, to be hand held for initial experiments. A 9 lens cam-

era has already been developed for airborne operations and could be adopted for space environ-

ment (Ref. 11 ). Experimental 9 lens cameras employing 4" x 5" film holders are relatively

easy to construct and would be employed in early experimental flights where space and power

demands might be critical.

(2) 9 lens camera with automatic film advancement for photography of extended test sites.

(3) 16 lens research camera combining polarization tests with multispectral experiments

and having facility for automatic film advancement. The 16 lens camera could be adapted from

conventional aerial cameras using 9" film. The scale would be 1:7,200,000 if one uses f/2, 50

mm lenses and ground resolution would be no less than 60 ft. The total FOV would be about

27 ° by 400 .

(4) 12" diameter optical-mechanical scanner with facility to interchange detector packages

so that a variety of spectral bands can be sensed under selected conditions. This system may

be the prototype for future multispectral sensors in operational satellites. The optical-mechan-

ical scanner would have a ground resolution of 200 ft from the 200nmi orbit, and in order to

maintain the same S/N capability in space that has been found useful at lower altitudes, a total

field of view of 1/25 ° would be the limit for single element sensors. See Appendix B for more

detailed calculations.

2.2.3. SENSOR CHECKOUT AND CALIBRATION EXPERIMENTS. In spite of recent ad-

vances, the limited multispectral data available do not yet provide sufficient information for

the design of a satellite reconnaissance system. Such a design will require a considerable
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amount of multispectral data obtained simultaneously from satellites and aircraft, also possibly

correlated with ground-based measurements.

The design of data-gathering experiments will necessarily have to be based upon statistical

considerations. The nature of the radiation received from the ground by a satellite sensor can-

not be predicted exactly, even if the type of terrain is known. Thus, the signal of interest from

the ground must be considered random. This signal is also contaminated by noise resulting

from random variations in the atmospheric transmission of ground radiation and from radiation

by the atmosphere itself. Thus, the signal from each spectral channel of an operational sur-

velliance sateUite will be random because of the unknown nature of the terrain and because of

atmospheric noise.

For purposes of illustration, consider a system with only two spectral regions. Repeated

passes by the satellite over a given type of terrain will not produce identical values of indicated

radiance, but will produce a cluster of readings. Calculational procedures could be used, if

necessary, to convert a scatter diagram into a joint probability density function. If a low-flying

aircraft were used in place of the satellite, the cluster would likely be more compact because

of the absence of random atmospheric effects. There are calculational procedures which could

be used to obtain a probability density function representing atmospheric effects alone.

A different type of ground terrain would produce a different scatter diagram of radiance

values which may or may not have some degree of overlap with the scatter diagrams of other

types of terrain. The likelihood of overlap is increased as the number of types of terrain is

increased, but is reduced as the number of spectral channels is increased. It is impossible to

predict in advance whether there would be overlap of scatter diagrams for a general multi-

spectral satellite surveillance system. If overlap did occur, then either more spectral channels

would have to be added, or sophisticated statistical decision theory would have to be employed

to effect a compromise. On the other hand, complete absence of overlap would permit consider-

able simplification of the decision process. The need for absolute radiance values would be

eliminated, and discrimination could be based on relative differences of spectral shape, as dis-

cussed in Reference 10.

The general philosophy of experimentation should have as its goal the multispectral meas-

urement of a wide variety of terrain from both satellites and low flying aircraft. Absolute radi-

ance levels will be needed at first, so careful calibration procedures will be needed to minimize

errors and correct for atmospheric variations. When the system can measure the spectral

character of a test area at altitudes within an understood deviation of the spectral character

as observed on the ground, the system will be ready for application experimentation.
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2.3. INFRARED MAPPING

For experiments in the ORL, the infrared subsystems will consist of three different de-

vices (see Table IV):

(a) Radiometer (temperature profiles)

(b) Low-Resolution.Scanner (28° FOV--3600' Res. 4" D)

(c) High-Resolution Scanner (2.3° FOV--200' Res. 36" D)

Of the three devices, the radiometer is the only one which does not possess moving parts except

possibly the chopper subassembly for calibration. The low-resolution scanner has two rotating

prisms (axes perpendicular), whereas the high-resolution scanner has one prism and an oscil-

lating flat. By judicious design, itshould prove practical to minimize the inertial effects of the

moving machinery. Otherwise, initialexperiments may be carried forward with the radiometer

only.

2.3.1. RADIOMETER. In the radiometer, an optical telescope, oriented toward the nadir,

collects infrared radiation and focusses itupon the sensitive surfaces of the detectors. The

detectors convert the radiation into electrical signals, which are then amplified and displayed

(or recorded). A chopping device permits injection of blackbody calibration data into the pro-

file information.

The infrared radiometer will serve two distinct purposes. The more important of the two

is that ofproviding an absolute apparent temperature profile of the region directly beneath the

spacecraft. In this manner, calibration points can be established and the stabilityof the scan-

ning instruments can be checked.

The second purpose of the radiometer is its use in checking the feasibilityof providing

useful thermal maps from space with high sensitivity and fine resolution. In the initialexperi-

ments, itmay be desirable not to utilize the scanners, concentrating instead upon the radiometer

alone.

It is apparent that the radiometer must fulfillthe following requirements in order to be

useful:

(a) Resolution and sensitivity comparable to scanner performance capabilities.

(b) Absolute temperature measurement (i.e.,stability)to ±0.1°K.

The radiometer will occupy a space of 6" x 6" × 48", and weigh approximately 30 pounds.

Itwill share a recording device with the other instruments. The radiometer should be inside
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TABLE IV. INFRARED SENSOR PARAMETERS

Total Field of View (deg)

Angular Resolution (mrad)

Ground- Patch Dimension (ft)

Absolute Temperature (OK)

Temperature Sensitivity (OK)

Data Rate (Elements/sec)

Telemetry Bandwidth (cps)

Pointing Accuracy Required (rain)

Orbit Altitude (n mi)

Inclination of Orbit (deg)

Orbit Duration (da)

Operational Periods (min/orbit)

Crew Time Requirements (min/orbit)

Set-up

Check-out

Standby

Experimentation

Radiometer

Low-Resolution

Scanner

- 28 × 28

1/6 3

200 3600

±.5 _.5

+.1 +.1

60

270 106

+I +60

200 + 30 200 + 30

90 ° 90 °

3-90 3-90

30-60 30-60

High-Resolution
Scanner

2.3 × 2.3

1/6

20O

e.5

+.1

4 × 106

+10

200 + 30

9oo

10-90

30-60

5-10 5-10 5-10

5-10 5-10 5-10

30- 60 30- 60 30- 60
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the spacecraft, with a 4" IR-window provided for viewing along the nadir. Although pressuriza-

tion is not needed, an airlock should be provided for maintenance purposes.

2.3.2. LOW-RESOLUTION SCANNER. An optical object-plane scanner, consisting of two

multi-faceted rotating prisms, can provide a TV-type scan of slightly overlapping 28 ° x 28 °

frames. This would provide imagery with a high degree of geometric fidelity, with overlap for

redundancy and improved contrast.

"Flying-spot" radiation would be collected by an optical telescope and focussed on a linear

array of IR detectors. The detectors will convert the radiation into electrical signals, which

will be amplified and displayed (or recorded). Calibration data would be recorded between

frames.

The low-resolution scanner will produce low-resolution, high-sensitivity performance.

The angular resolution would be 3 mrad (ground patch 3600 ft on a side), suitable for oceano-

graphic observations. The output can be presented at a scale of 1:4,000,000 if 70 mm film is

used or 1:1,000,000 with 9" film. A resolution element about 1 mm on a side will result, and

the imagery at the smaller scale will tend to look quite coarse; however, for ocean surface ob-

servations, this should not be objectionable.

The scanner would occupy a volume of about 27 cubic feet, and would weigh approximately

60 pounds. It would share a recorder with the other equipment. The scanners could be mounted

external to the spacecraft, in order to eliminate the need for large infrared windows.

2.3.3. HIGH-RESOLUTION SCANNER. An optical object-plane scanner, consisting of a

nodding flat and rotating prism, would provide a TV-type scan of slightly overlapping 2.3 ° x 2.3 °

frames. With the exception of the nodding flat, operation is identical with the low-resolution IR

scanner.

The high- resolution scanner would produce high- re solution, high- sensitivity imagery. The

angular resolution would be 1/6 mrad (ground patch 200 ft on a side), suitable for observation

of sea-ice and coastal geography. Also, certain measurements may be made with accuracies

on the order of a resolution element (i.e., one acre). The finished imagery can be displayed at

a scale of 1:62,000 with a resolution element 1 mm on a side for 9" film. Again, as in 2.3.2,

the imagery will tend to look quite coarse; this difficulty could be avoided by going to smaller

scales of 1:250,000 with 70 mm film.
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2.3.4. IR-SYSTEM CHECKOUT AND CALIBRATION EXPERIMENTS. Certain of the ap-

plications in which the infrared system will be used require absolute temperature measure-

ments to within ± 0.5°K and relative measurements to within ± 0.1°K. Such accuracies are un-

attainable with simple infrared scanning devices. Under any condition, signal amplification

must be stable and calibration is required.

Absolute measurements of temperature will entaila stable level and gain contain. Stability

is affected by variations in detector temperature (see App. B-3) and subsequent changes in de-

tectivity and resistivity (c.f. Fig. 1).* Past experience has shown that a high degree of sta-

bility cannot be expected with infrared detectors, even over short periods of time.

Therefore, two types of calibration might prove feasible. The first involves including cal-

ibrated 'blackbody" plates in the scanner, which would mix gain and level information in be-

tween successive scan lines. This would ensure a high degree of stability in the detection sys-

tem.

The second involves the carrying out of "ground-truth" temperature measurements which

could be utilized to provide reference points on the thermal maps. Areas of interest could in-

clude large inland bodies of water, desert areas, and selected stations on the major oceans.

Criteria for selection might include areal extent, emissivity, temperature stability, and acces-

sibility.

One important area of concern is emissivity. It is known that sea state tends to affect the

apparent emissivity of the ocean surface. It is also reasonable to expect that cloud cover, hu-

midity, wind velocity, etc., could influence the results to an unknown extent.

It is concluded that calibration sources will consist of: (a) internal "blackbody" references

in the scanner, and (b) monitored terrain features in specific regions. It is desirable that the

latter consist of at least one area per orbital passage, although economics may prevent the

ideal from being reached.

In order to eliminate the effects of variable atmospheric transmission, it may prove de-

sirable to station solar spectrographs at the calibration sites which would measure the atmos-

pheric transmission via direct observation of the sun.

The tests will determine the experimental value of the minimum temperature difference

detectable.

*As a rule of thumb, the variation in apparent target temperature is roughly equal to the

variation in detector temperature for the case shown in Fig. 1.
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2.4. PASSIVEMICROWAVE

2.4.1. GENERALCONSIDERATIONS.Theuseof passivemicrowavetechniquesis extreme-
ly attractive for use in spaceprogramsfor theseveralreasonsenumeratedbelow:

(I) Microwavesystemshaveessentiallyanall weathercapabilitywhencomparedto IR
andvisible sensors.

(2) Theuseof passive rather than active systems greatly reduces primary power and

space requirements.

(3) Many interesting effects and useful data appear to be available if and when passive

measurement techniques are explored and developed.

The above arguments are general in nature and certainly not exhaustive for all applications.

Also there are some inherent disadvantages which have curtailed the interest in passive sys-

tems. Such things as limited resolution capabilities, antenna structure size, and limited scan-

ning techniques have all reduced interest in passive microwave devices, particularly since all

of these limitations have been overcome by active systems.

For space applications there do appear, however, to be some applications where the use of

passive systems can be utilized to advantage for radiometric measurements.

Microwave radiation to be detected originates from several sources, namely, the self emis-

sion of materials, sky reflections, and multiple reflections from other objects. Thus the radi-

ation measured gives an effective temperature for the areas or objects being observed. Al-

though the data obtained will be affected by several factors, useful information can be obtained,

if measurements are carefully taken and properly interpreted.

The magnitude of the effective temperatures and the differentials which can be expected

are shown in Figure 2 for a horizontally polarized system, which has been obtained with a

Ku-band radiometer by several groups (Ref. 12 ) including Bell Telephone Laboratories, Uni-

versity of Texas, AFCRC, and Ohio State. Conway of Space General Corporation has shown that

there is also a dependence of effective temperatures on the environmental conditions. This is

illustrated in Figure 3 which was extracted from Conway's work presented at the 2nd Sym-

posium on Remote Sensing of Environment in 1962 (Ref. 13 ).

Hodgin (Ref. 13 ) of Collins Radio has compared the work done by Collins at 4 cm with the

work done by Straiton, Tolbert, and Britt at 4.3 ram. He has shown excellent agreement in the

data. Therefore, the effective temperatures shown in Figure 1 are very good over a fairly wide

spectral region indicating that emissivities do not vary extensively in the microwave regions.
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In reviewingthis work it wasalso foundthat significantdifferencesoccur betweenthehorizon-

tally andvertically polarizeddata. In generalthegradientsare greater for thehorizontalpo-
larization.

Frompreviousdiscussionit is evidentthat significant information is availableby measur-

ing radiationin the microwaveregions if properly interpreted. In interpreting the dataseveral
problemsarise; themore important onesare the lossesencountereddueto atmospherictrans-
missionandthewidevariations encounteredin backgroundtemperaturesover theearth's sur-

face. For instance,water temperaturesvary from approximately-1.86°C to perhaps28°C

(Ref. 14 ). Suchvariations haveto becarefully consideredwhenmakingobservationsfrom

a spaceplatform. Also, thetransmissionvaries as afunctionof wavelength(seeFig.37_38,and

39_AppoC)andthetypeof weatherencountered.Thedependenceonweatheris shownin Figure
4whichwaspresentedby Hodgin(Ref. 13) andwhichwasextractedfrom workdoneby Gunn

andEast. It is generallyconcludedtherefore that essentiallyall-weather devicesare available

if proper wavelengthsare chosen.

2.4.2. EXPERIMENTALSYSTEMS.Outlinedhere are the systemrequirementsconsidered

necessaryto evaluatepassivemicrowavesystemsfor spaceapplications. It is assumedthat

groundandairborne measurementsare to bemadeprior to adaptationto a spaceapplication

program.

(1) Measurementsmustbemadesimultaneouslyat wavelengthsin the vicintiy of 10cm,

3cm, and8 mm.

(2) Measurementsmustbemadesimultaneouslyat orthogonalpolarizations.

(3) Datamustbeevaluatedby comparingtheorthogonalpolarizationsaswell as determin-
ingthe absolutevaluesof eachpolarizationby comparingwith a knownreference.

(4) Temperaturesensitivities of 0.1to 10°K are necessaryfor thesemeasurements.

(5) Resolutionrequiresbeamdivergencevaluesof 1 to 10milliradians for acceptable

operationat altitudesof -200 nautical miles.

It appears that the receiver state of the art is adequate to make these measurements. This

assumes that one dimensional scanning is used, namely, in the direction of flight path. It is

generally recognized that further reductions in noise figures below those obtained by cooled

(77°K) parametric amplifiers in the S and X-bands would be of no significance since antenna

background temperatures are already dominating the receiver temperature limitations. There-

fore, increased performance can be accomplished only by increased bandwidth capabilities.
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Operation of such a device to obtain coverage over large areas (two dimensional scan) is

primarily limited by antenna scanning capabilities. In addition, receiver sensitivity will also

be of importance.

In the 8 mm region, current receivers are adequate for one-dimensional scanning; however,

for two-dimensional scanning, development work on receiver performance would be desirable.

Some of this work is currently in progress and significant improvements should be available in

about 2 or 3 years.

2.4.2.1. Microwave Radiometers. A function block diagram is shown in Fig. 5 which

describes each system of the three wavelength regions to be considered. Each of the systems

will be identical unless exceptions are noted. The systems will make use of pre-detection

modulation in a "Dicke" type radiometer. It has been determined that a single antenna operating

simultaneously at each of the three wavelengths desired can be developed. The unfurlable an-

tenna would be 50 ft in diameter using a Cassegrainian system. Estimated feed movement cap-

abilities for scanning purposes are 4°, 3.5 °, and 3°, with 2, 4, and 8 milliradian resolution

capabilities for Ka, X, and S-band systems respectively (Ref. 15 ).

With an antenna having the complexities and unique requirements desired here, it is hardly

reasonable to assume that it could be deployed entirely automatically. Man will be required to

assist in deployment, in correction of feed location, and other adjustments.

The radiometer will sample each polarization and a reference load through use of ferrite

switches, after which low noise amplifiers will be used which are followed by additional ampli-

fication. The output will then be detected and either transmitted by telemetry to the ground

site or recorded on tape for delayed transmission. Also to be transmitted/recorded are the

Ref. Generator signals as well as the sync and pointing information.

Data processing by synchronous detection will be performed at the ground site.

In Table V are listed the available values of system sensitivity (AT) as calculated from

equations in Appendix C for one and two dimensional scanners based on the limits of state-of-

the-art devices. The antenna limits used were those previously mentioned.

It should be noted that additional degradation of the signal will be caused by the fact that

chopping is occurring during 1/3 less time and thus the values of AT in Table I will be increased

by a factor of -_1"_.

In Table V the values assumed are for cooled parametric amplifiers for the S and X-band

cases and are for TWT amplifiers in Ka-band. Watkins-Johnston expects improvements in noise
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TABLE V. SPECIFICATIONS OF EXPERIMENTAL MICROWAVE SENSORS

FUNC TIONS Ka- BAND X- BAND S- BAND

D 17 ft 34 ft 50 ft

8 mm 3 cm I0 cm

R; a 2 mrad 68 mrad 4 mrad 55 mrad 8 mrad 51 mrad

v 4 n miles/sec 4 n miles/sec 4 n miles/sec

h 200 n miles 200 n miles 200 n miles

C 0.09 1.85 x 10 -2 2.4 x 10 -2

AT* 0.45°K 0.68°K 0.05°K

(one dimensional)

AT* 2.6°K 2.5 5°K 0.13OK

(two dimensional)

NOTE: An antenna temperature of 290°K was assumed in the calculations. It

may indeed be less than this.

*These figures would be increased if dual polarization done in single channel.
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figures to ~6-8dbin thenext fewyears* and that advancements in low noise solid state pre-

amps are quite probable.

Information bit rates required for information transmission can readily be determined

from equation (4) and the modulation rate for each wavelength in question. If we assume a bi-

nary code and a 16 level resolution, the data rates required are 2 × 104 bits/sec/channel for

Ka, X, and S-band.

Reference generator bit rates are determined by a 90% rise time requirement in a 50

microsec time period. The rate required here is 4 x 104 bits/sec for a 4 level system.

Pointing and sync references will also require a bit rate of -103 bits/sec for antenna

pointing information.

2.4.2.2. Conical Scanning Radiometer (X-Band). An X-band conical scanning radiometer

could be employed to determine the wind direction at sea by measurement of the change in ap-

parent temperature of the sea about the nadir of the space vehicle.

A block diagram of the wind direction detection system is given in Figure 6. The radi-

ometer is of a "Dicke" type using predetection square wave modulation. The radiometer would

be designed for the X-band region for which all of the components are readily available. The

system will provide for data storage but would not provide for data reduction on-board the

space vehicle. The information obtained would be telemetered to a ground site where the data

would be reduced to a form to obtain wind directional information.

The antenna designed for X-band operation would be 1 meter in diameter and have the

capability of scanning at rates up to 100 rpm through an azimuth angle of 360 ° and an elevation

angle of 10 ° to 45 °. Synchronizing and pointing reference signal will be generated which would

correlate with the information being received.

The incoming signal would be chopped and compared to a standard. The receiver would

consist of several Tunnel Diode Amplifiers in cascade. Output information is synchronously

detected at the chopped rate and can be either recorded on tape for delayed transmission or

directly telemetered to the ground station, at which site the data will be evaluated.

The system sensitivity can be expressed by the familiar signal to noise equation for radi-

-neters which expresses the noise temperature of the system as

* Private communication with Watkins-Johnston.
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KT

ATRMs - B_ (I)

where AT1RMS is the equivalent blackbody noise temperature required to give a S of 1, K is a

constant dependent upon the type of modulation, T is effective input temperature of the system,

B is the pre-detection bandwidth, and r is the post detection integration period.

All of the parameters for any given system are well known with the exception of T which

will be determined by the use to which the system is put and the information rate desired from

it. The information rate will here be defined as the reciprocal of the time required for a point

source to move through one beam width when the antenna is revolving at a given rate (A). The

beam width (_) is given as

1.2_
a= -if-- (2)

where )_is wavelength and D is the diameter of the reflector. The information rate (fl)is

therefore given by

2_A 2_AD
fI - or (3)1.2).

For a point source passing through the beam, and allowing for a 90% rise time then

1

2f I

or by substitution

1.2A
v = '4_ (4)

Substitution of Equation (4) into Equation (I) then gives the system sensitivityfor a particular

system. Therefore,

KT (4_'AD._ 1/2

ATRMs = (B)-_/2 _1---_] (5)

By substitution of values into Equation (5) we find that system sensitivities (ATRMs) of

0.1 to l°K are very realistic and can readily be achieved.
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Values considered as SOA:

for k = 3 cm assumed values

T = 1000 ° A= 1 RPS

B = 109 D= 1 meter

K=l.6

This system should dete_t the expected temperature differentials (tens of degrees).

The determination of fI from Equation (3) then gives us the bit rate of 800 bits/sec for a

16 level detection capability. To make use of this data an equivalent antenna position sync rate

will also be necessary. Eight hundred bits/sec are therefore required in both channels of the

tape recorder as well as the telemetry system.

2.4.3. CALIBRATION EXPERIMENTS. Various tasks have been assigned to the passive

microwave systems. In each task calibration experiments are required to evaluate and optimize

the various parameters. These calibration experiments fall into two categories; namely, ground-

based (which includes airborne measurements) and space oriented. They will be discussed ac-

cording to the task assigned.

2.4.3.1. Waves and Sea State. To justify the attempt to measure sea state from a space

vehicle it is necessary to perform a series of preliminary experiments from naval vessels at

sea as well as from low and high altitude aircraft. This is necessary since adequate experi-

mental evidence is not available to predict precisely the results that will be obtained.

Initial measurements will examine the capability of simple passive radiometers to measure

sea state at wavelengths of 8.6 mm, 3 cm, and 10 cm by absolute and differential polarization

measurements. Sea state will be measured as a function of frequency, aspect angle, polariza-

tion, and wind direction over calibrated test sites. The ability to accurately measure and cor-

rect for wind direction will be determined. The data will then be evaluated and if feasibility is

assured an optimum system can be designed for space by extrapolation. The space system

must be evaluated over a calibration site and data corrections inserted. Space calibration will

then provide the optimum parameters for future use.

Support information regarding wind direction must be available in the preliminary meas-

urement program for a test site at sea being observed. This is for calibration and comparison

purposes.

The ground site must have all spacecraft orientation and position information available to

determine the wind direction from the data obtained on the space vehicles.
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2.4.3.2. Sea Temperature. If the feasibility of sea state measurements is proven in Sec-

tion 3.1.4.1, the sea temperature measurements can then proceed. Measurement of the absolute

effective temperature will be extracted from the data obtained for sea state measurements and

compared to the standard reference. The change in sea state can be subtracted from the ab-

solute and compared to the actual measured sea temperature at the test site. From this the

feasibility and accuracy can be determined. The optimum frequencies, aspect angles, and

methods for extraction should be determined and used to design the space system. Space cali-

bration would involve correcting for any transmission effects over the same calibrated site

used for sea state measurements.

2.4.3.2. Area Measurements. Airborne measurements can be acquired over selected

ground sites, whereby the optimum frequency, polarization, aspect angle, and resolution re-

quirements can be assessed. A simple profiler on an airborne platform can be used. The op-

timized parameters would then be used to determine space feasibility and design. A calibrated

site would be required to evaluate the data obtained.

2.5. LASER ALTIMETER PROFILERS

2.5.1. EXPERIMENTAL SYSTEMS. Appendix E describes two basic laser aRimeters for

determining the profile of objects on the earth's surface from an orbiting earth satelliteat

200 nmi altitude. Section E.2 of this appendix discusses an advanced (1970) FM-CW laser al-

timeter having very high accuracies and continuous data output. Section E.3 of this appendix

discusses a present state-of-the-art pulsed laser aRimeter with less accuracy than the FM-

CW altimeter and having slower output data (10 cps) than FM-CW aRimeter. Continuous data

are necessary for land surface profiles, but ocean wave height data are useful even for data

points 100 miles apart.*

Both the FM-CW laser altimeter and the pulses laser altimeter can be operated only when

there is no cloud occluding the propagation path in its narrow bandwidth. Cloud occlusions

limit the probability for operating these aRimeters to a value of 40 to 60 percent. Both laser

altimeters have a field of view (beamwidth) of 10 seconds of arc and can measure surface pro-

files for a very small resolution area of 17.9 meters in diameter from a 200 nmi satellite.The

diameter of the receiving aperture for these altimeters is 1.15 meters, but for an X-band sys-

tem (10 Gcs) the equivalent antenna diameter would be 1070 meters (which is presently imprac-

tical for satellites).

*Private communication with Professor W. P. Pierson, New York University, 22 March 1965.
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The present state-of-the-art pulsed laser altimeter system is shown in the block diagram

of Figure 65_ Section E.3, and is similar in the basic theory of design and operation to pulsed

radar rangefinders or pulsed radar altimeters except that it operates at an optical wavelength

of 1. 064. It has maximum data rate of 10 cps or data points every 726.9 meters on the earth's

surface and the data area is 17.96 meters in diameter. The pulsed laser altimeter has an ac-

curacy error of + .6 meters (see Sec. E.3.5). This pulsed laser altimeter has very high signal-

to-noise ratio, calculated to be approximately 60 db for good pulse waveform fidelity (see Sec.

E.3.4). It requires an input power of 285 watts, has an estimated weight of 128 lbs, and needs

9.8 cubic feet of volume (see Sec. E.3.6). The weight and volume can be reduced by decreasing

the diameter of the primary receiving mirror to a diffraction limited size (from the present

design of 1.13 meters to 6 centimeters).

The future FM-CW laser is shown in theblock diagram of Figure 62_ Section E.2, and is

similar in the basic theory of design and operation to the FM radio altimeter except that it op-

erates at an optical wavelength of 1.0610_. It has a continuous data rate for a strip 17.96 meters

below the satellite. The FM-CW laser altimeter has maximum accuracy + .7569 millimeters

but for larger ocean waves its accuracy is + 1.25 centimeters (see Secs. E.2.1 and E.2.4). This

FM-CW laser altimeter requires the present highest power CW gas lasers of 3.55 watts (see

Sec. E.2.3). But when injection lasers become more coherent, they should be used to replace

the gas laser because they presently have efficiencies 10 times greater than gas lasers. This

FM-CW laser altimeter cannot presently be constructed because CW lasers amplifiers having

30 db gain are not available. But with rapid progress in laser technology as in the past, this

CW amplifier should be available within a few years at the most. The FM-CW laser altimeter

requires an input power of 1200 watts, has estimated weight of 202 lbs and needs 15.3 cubic

feet of volume (see Sec. E.2.5).

2.5.2. CALIBRATION EXPERIMENTS. The calibration of both the CW-FM laser altimeter

systems described in App. E.2 and E.3 should be accomplished first with artificial targets of

known height and then on natural objects, such as ocean waves, with known heights.

The calibration should first be made from high altitude aircraft on artificial targets having

known reflectances. Such a target could be a series of rectangular up-down steps made out of

concrete, like a "railroad tie" configuration, each tie 17 meters long with raised tie portion

equal in width to the spacings. These could be constructed out of very smooth concrete and

painted with highly reflective paint (and whose reflectance at 1.06_ is known). A number of

these target strips would be necessary to check the height accuracy of these altimeters. The
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height tracks of 1 mm, 1 cm, 10 cm, 1 meter and 10 meters would be desirable and could be

used from both aircraft and satellites. Also, height of water could be measured from aircraft

flying over canal locks in which the water is at different levels. The final calibration of the

altimeters should be made on mid-ocean or mid-lake (i.e., Great Lakes) wind waves and having

oceanographic ships determine wave heights.

Land profiles could be calibrated over desert regions where the height of sand waves was

measured by surveying techniques.

2.6. RADAR*

2.6.1. GENERAL DISCUSSION. Radar appears to have many useful applications in space

reconnaissance for peace time applications. Radar is particularly attractive for various reasons,

some of the more important of which are discussed below.

First, radar which operates within the microwave spectrum, has essentially an all weather

capability compared to the IR and visible spectrum. Its weather capability can be assessed by

looking at the atmospheric characteristics shown in Appendix C, Figures 37-39 and by the

scattering and absorption losses created by precipitation which is graphically illustrated in

Figure 4, Section 2.4.1. It should be pointed out that the losses are a decreasing non-linear

function rather than a linear function of altitude.

Second, the radar returns axe generally less ambiguous than passive systems, since the

signal return is a function primarily of the target reflectance. For passive systems the return

is a function of both reflectance and emissivity variables. In general, the active systems can

operate with higher S/N ratios this improving the detection capabilities.

Third, radar systems would not exhibit any diurnal variations as would most other sensors.

On the other hand, there are several disadvantages of using radars for space reconnais-

sance which must be considered. First, unlike passive sensors, all radar systems require

transmitters of the space vehicle.

Second, relatively large antennas are required for good operation, which creates problems

for space assembly. For the short wavelength sensors this is certainly no problem.

*Most of the information on the performance of radar systems is of a classified nature and

is thus not presented in this report. The information given here is of a theoretical nature and

does not necessarily indicate the present state-of-the-art. It does, however, indicate the per-

formances which are required.
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Considering the above factors, it is concluded that for some applications radar sensors do

provide the best means of obtaining good data and thus should be considered for manned earth

orbiting experimentation.

In general, there are two types of radar to consider for this purpose. It may be possible

that both coherent and incoherent side looking radars can be used to advantage aboard the space

platform. A discussion of each type, its attributes, and general theoretical design are discussed

in the following paragraphs. Most of the side looking radar systems now in existence are clas-

sified and therefore only theoretical considerations can be discussed. However, it is believed

that from these considerations, the value can be assessed.

The surveillance platform stability requirements for a radar system operating in a satel-

lite are in general a function of the time it takes to measure the data associated with one resolu-

tion element. (To be specific the associated angle rates vary inversely with this time.) For

noncoherent radar the tolerable pitch, yaw, and roll rates for the platform vary directly with

the system pulse repetition rate; however, for a coherent radar system these rates vary in-

versely with transit time required for one resolution element to pass through the antenna beam.

This time is much greater (by as much as 3 orders of magnitude) than that between adjacent

transmitted pulses; thus, the requirements for platform stability for a coherent system can be

as much as 3 orders of magnitude more stringent than for a noncoherent system. It appears

that the stability requirements for coherent systems might be reduced if inertial information

is available for data correction during processing.

It is also important to note that for active radar, as for passive microwave, added infor-

mation can be gained to aid in identification of targets if orthogonal polarizations are used.

This is due to the fact that the surface backscatter coefficient is a function of the polarization

of the incident energy.

2.6.2. INCOHERENT RADARS (PROPOSED). Incoherent radar has its prime usage where

gross mapping is desired and where fine resolution is not required. Such mapping interests

include ice and snow area measurements, sea state measurements, and perhaps gross tectonic

features.

In incoherent radar systems, the system azimuth resolution expressed as a distance varies

directly with the system azimuth beamwidth and the range-to-the-target. Since a satellite based

noncoherent radar will have to contend with target ranges of about an order of magnitude larger

than an aircraft based system, a satellite-based system will have greatly reduced ground reso-

lution capabilities over a comparable system operating from an aircraft-based surveillance
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platform, unless the system azimuth beamwidth is reduced. The trade-offs between the power

requirements for a satellite-based versus an aircraft-based system are not as easily aster-

/mined, since the system power requirements are functions of many system parameters; how-

ever. in general it can be stated that the power requirement for the satellite borne system will

be greater than that of an aircraft based system with comparable resolution. Where high reso-

lution capabilities are not needed, a satellite system can be made to function with reasonable

system constraints (in terms of peak and average power).

An incoherent system operating at the short wavelength end of the radar spectrum is op-

timized for some purposes, since such a system will provide the best system resolution for a

given antenna aperture. The transmission characteristics must also be considered when the

operational wavelengths are chosen. This information is given in other sections as stated above.

For other purposes, where resolution requirements are lower and where wavelength dependent

information is needed, longer wavelengths are required. The parameters of systems operating

at wavelengths of 8.6 mm and 20 cm are shown in Tables VI and VII respectively. The data

shown in these tables were computed using the equations and theory present in Appendix D of

this report. A value of -40 db was used to calculate for the target backscatter coefficient, the

peak, and average power requirements for this system; the system power requirements would

have to be increased if it is desired to detect targets having lower back scatter coefficient

values. Some vegetation (mainly grasses) have backscatter coefficients, which measure on the

order of 20 db at a system wavelength of 8.6 mm. A better

cients for targets of interest would make it possible to give

power. It is felt that the values given in Tables VI and

system power requirements for the operating conditions.

knowledge of the backscatter coeffi-

a better estimate of required system

VII probably represent maximum

The system parameter data shown in Table VI are those of a system operating at an

elevation of 45 ° (a typical value for side-looking radar applications) if better system resolution

is desired, a decrease in elevation angle might be warranted. Decreasing the elevation angle

to 10 ° will improve the system resolution by 40% (resolution at 10 ° would be on the order of

1000-2000 feet); however, if comparable swath widths are to be maintained, the power require-

ments of the system would have to be increased by a factor of as much as 6 to accommodate

such an elevation angle change. The data rate will also increase slightly (on the order of 40%)

since the illuminated area does not increase as rapidly as the resolvable area. A maximum of

16 gray level scales is assumed.

2.6.3. COHERENT RADAR (PROPOSED). Coherent or synthetic aperture radars show the

most promise as remote sensors operating from an orbiting platform for certain agricultural
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TABLE VI. OPERATIONAL PARAMETERS OF 35Gc INCOHERENT
SIDE- LOOKING RADAR

Operating Frequency

Operating Wavelength

Antenna Parameters

a. Azimuth Aperture (beamwidth)

b. Range Aperture (beamwidth)

c. Elevation angle

d. Altitude

e. Velocity

Pulse Repetition Frequency

Pulse Width

System Predetection Bandwidth

Nominal Ground Resolution

Illuminated Ground Swath Width

Required Transmitted Peak Power

Required Transmitted Average Power

Maximum System Data Rate

Approximate System Volume

Approximate System Weight

35 Gc

8.6 mm

25 to 50 ft (0.08 to 0.04 ° )

0.5 to 1 ft (4 to 2° )

45 °

200 n mi

2.4 x 104 fps

50 to 100 pps

2to4 ps

(0.25 to 0.5) Mc

(1.5 to 3)103 ft

14 to 30 n mi

(30 to 800) kw

(nmi n = -40 db, S/N = 10)

(3 to 150) watts

(77 min = -40 db, S/N = 10)

(1.2 to 10)103
resolution elements

sea

or

(5 to 40)103 bits/sec for a 16 level

gray scale

18 ft 3 (including antenna)

125 lbs
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TABLE VII, S-BAND NONCOHERENT RADAR SYSTEM REQUIREMENTS

Operating Frequency

Operating Wavelength

Antenna Parameters

a. Azimuth Aperture (beamwidth)

b. Range Aperture (beamwidth)

c. Antenna Elevation Angle

d. Antenna Velocity

e. Antenna Altitude

Pulse Repetition Frequency

Pulse Width

Predetection Bandwidth

Nominal Ground Resolution

Illuminated Swath Width

Required Transmitted Peak Power

Required Transmitted Average Power

Data Rates

System Volume

System Weight

1.5Gc

20 cm

25 to 50 ft (0.9 to 1.8 °)

2 ft (20°)

45°

2.4 × 10 4

200 n mi

2 to 4 pps

60 to 120 _sec

I0 to 20 kc

(3 to 10) × 104 ft (5 to 17 n mi)

300 n mi

50 to 350 watts (7?= -40 db, S/N = I0)

10 to 70 milliwatts

(Y = -40 db, S/N = I0)

resolution elements
30 to 120

sea

or

120 to 480 bits/sec assuming a 16 level

gray scale

20 ft 3

100 lbs
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and oceanographic applications. This is due to the fact that the system resolution is not a func-

tion of range to the target or the portion of the microwave spectrum in which the system oper-

ates. Resolutions on the order of 25 feet are expected to be feasible by the early 1970's (Ref.

16).

For the first manned earth orbiting experimental program, it is proposed that a coherent

system operating at X-band be incorporated; this is due to the simple fact that practically all

synthetic aperture hardware which has been developed to date is designed to operate at X-band

frequencies. Certainly systems operating in other portions of the frequency spectrum may

prove to be useful; however, a great deal of experiment and development will have to be under-

taken before such equipment becomes practical or its usefulness is ascertained.

For these reasons a system operating at long wavelengths is not proposed. Systems oper-

ating at long wavelengths are at present being considered for penetration experiments in con-

nection with heavily infested forest areas; however, much experimentation in the area of ground

truth information and equipment development is needed to prove the feasibility and practicality

of such a scheme in early orbiting experiments. While the data that has been collected to date

indicates that multispectral identification techniques may be possible, a great amount of further

experimentation (both ground and aircraft based) and theoretical development is required before

the practicality and feasibility of multispectral identification techniques for spacecraft applica-

tions, can be ascertained. Furthermore, there is a more academic question that needs to be

answered before a full scale (multifrequency) coherent radar system can be incorporated into

a space program; that is, can a coherent radar system operating from a satellite surveillance

system do a better job with more system flexibility and less system cost than a comparable

system operating from aircraft based platforms ? There are certain applications where contin-

uous surveillance of a large area is required. It can be pointed out, however, that the require-

ments of synoptic coverage and access to remote areas heavily support the use of satellite

systems. Intuitively it seems that for these situations a satellite surveillance system would be

ideal. For other short term or occasional look applications an aircraft system might prove to

be more practical. However, detailed cost and systems analyses will have to be undertaken

before a more definitive answer can be given to the satellite versus aircraft question.

The system parameters of a coherent or synthetic aperture radar operating in the 8 to 10

Gc frequency region is shown in Table VIII. The values shown there are those dictated by

synthetic aperture theory (see App. D) for system resolution of 25 ft (the requirements shown

are not necessarily obtainable). Published data indicates that for most targets of interest back-

scatter coefficients larger than -30 db have been measured; therefore the -30 db value was
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TABLE VIII. COHERENT RADARPARAMETERS

Operating Frequency

Operating Wavelength

Antenna Parameters

a. Azimuth Aperture (beamwidth)

b. Range Aperture (beamwidth)

c. Antenna Elevation Angle

d. Antenna Velocity

e. Antenna Altitude

Pulse Repetition Frequency

Pulse Width

Predetection Bandwidth

Nominal Ground Resolution

Maximum Illuminated Swath Width

Required Transmitted Peak Power

Required Transmitted Average Power

Maximum System Data Rate

Approximate System Volume

Approximate System Weight

8-10Gc

3-3.75 cm

50' (0.15 °)

~5' (1.4 °)

45 °

2.4 × 104

200 n mi

1200 pps

35 nano sec

40 Mc

25 ft

10 n mi

(1.3 to 3.5)M watts

(_min = -30 db, S/N = 10)

(45 to 120) watts

(_min = -30 db, S/N = 10)

~109 resolution elements
sea

30 ft 3 (including antenna)

< 200 lbs
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used. and it is felt that the given peak and average transmitted power requirements are prob-

ably maxinmm. It might also be noted that the illuminated swath width listed in Table VIII

is about an order of magnitude smaller than the maximum swath width that the system could

handle if based only on system pulse repetition frequency constraints (see App. D); however,

monitoring the maximum area as dictated by this constraint would increase the system power

requirements by approximately 2 orders of magnitude and the system data rate requirements

by an order of magnitude. It can therefore be seen that one advantage of a satellite surveil-

lance platform (namely being able to monitor large surface areas) can not be used to full ad-

vantage by high resolution systems since system data handling and power requirements will

ultimately set the limits on the size of the earth surface area that can be monitored.

For certain applications where the resolution capabilities need not be as fine as the 25 ft

(for which the system parameters were computed), it can be shown that the system require-

ments can be reduced. For a nominal system resolution of 100 ft the system data rate require-

ments would be reduced by a factor of 16 (keeping other system parameters the same) and the

power requirements can also be reduced by a factor of about 16 below those shown in Table

VIII. The reduced resolution would not require the same amount of signal processing and

probably would not require as complicated a system.

If a system capable of recording 16 gray levels is assumed, a data bit rate of 4 x 109 bits/

sec is required of a telemetry system for a real time data link.

2.6.4. CALIBRATION EXPERIMENTS. The calibration experiments are discussed in con-

nection with the various tasks that have been designated for the active radar systems, and these

experiments can in general be subdivided into two categories: (1) those ground-based calibra-

tion experiments needed to optimize the system, and (2) those in the space calibration experi-

ment needed for correct data reduction.

2.6.4.1. Woods vs. Low Cover. Preliminary calibration experiments will include airbased

measurement programs to determine the frequency, polarization, and aspect angle dependence

of contrast between the two classes of vegetation. These results can be used in the specification

of an optimum system for space application. In space, calibration will involve the checking and

setting of system dynamic range for the predicted contrast. Some in-space contrast measure-

ments may also be required to determine the atmospheric effect.

2.6.4.2 Species Differentiation. Again airbased calibration experiments are needed to

(1) measure the frequency, aspect angles, and polarization dependence of backscatter coefficienta
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for targets of interest, and(2) select the optimum system parameters for the space systems.

In space calibration (ff species differentiation proves feasible) will require calibrated earth

surface areas for absolute signal calibration and dynamic range selection.

2.6.4.3. Area Measurement (Snow, Crops, Water, etc.). Again airbased calibration and

measurement programs axe required to select optimum system parameterization (frequency,

system resolution, polarization, etc.). The in-space calibration will involve the setting up of

earth based calibration areas (possibly with corner reflectors) so that the in-space system can

be calibrated in terms of area and dynamic range requirements.

2.6.4.4. Sea State. Airborne calibration will involve the determination of required system

resolution (which will determine whether coherent or noncoherent radar is needed) for adequate

area averaging, and angle and polarization dependence of radar saturation effects as a function

of sea state (sea state number and wind direction). In-space calibration will involve dynamic

range selection for the various frequencies used.

43



3

SUMMARY OF EXPERIMENTS

3.1. INTRODUCTION

In this section, details are given of orbital experiments to be conducted for the develop-

ment of earth sciences and resources applications of earth-orbital sensing systems. Special

emphasis has been placed on experiments in the fields of agriculture (Sec. 3.2) and oceano-

graphy (Sec. 3.3). However, the experiments for these fields are also applicable in large meas-

ure to the development of techniques used in the other scientific/technical areas. Less detailed

discussions of experiments in these other areas are also included in this section.

3.2. AGRICULTURE

The sensing instrumentation which appears to be most useful to agriculture includes:

(1) Multispectral sensors for crop identification.

(2) High resolution, large scale photographic camera for a statistical sample of crop area

measurements and for a rapid assessment of flood damage and storage damage.

(3) Radar altimeter for snow depth measurements to estimate equivalent water volume.

(4) Infrared mapper or microwave mapper for snow area and stream delineation and pos-

sibly separation of woods from fields.

(5) Synthetic aperture radar for crop height discrimination, separation of woods from

fields, and possibly all weather crop differentiation.

It is assumed that all sensors will have undergone extensive preorbital tests and calibra-

tion. The experiments performed on the manned earth orbital laboratory would consist of oper-

ating a prototype of each sensor to demonstrate feasibilityof space sensing and of developing

operational sensors through component evaluation. Before the species identificationpotential

of the multispectral technique is proven in space, a series of preliminary orbital tests should

be performed using a specific situation which is easily analyzed and verifiable, such as the

mapping of all vegetated areas as opposed to non-vegetated areas. Other broad classes of ob-

jects for differentiationcould be cultivated areas vs. uncultivated, and low cover crop fields

vs. forests and orchards.

3.2.1. VEGETATION VS. NON-VEGETATION. The knowledge of the total area of vegeta-

tion on earth will be useful for energy budget calculations and land use analysis.

44



An experimentperformedto separategreenvegetationfrom non-vegetationareas would

consist of operatingthemultispectral sensoradjustedto discriminate thecharacteristic spec-

tral shapeof thegreenfoliage (see Fig. 7 ). The sharp rise in reflectance at .Tp appears to

be the unique property of living vegetation. The experiment could consist of a two-channel sen-

sor, one operating in the chlorophyll absorption band at .68p and one operating in the high re-

flectance region between .7p to .9p. The two signals generated in real time would be compared

either by subtraction or by ratio (to be determined during preorbital experiments). When a

preset criteria for the magnitude difference between the two signals is observed, vegetation is

identified. The expected results will be a good differentiation of green vegetation from all other

objects. Diseased crops or trees wherein the chlorophyll absorption is decreasing or the struc-

ture of the leaf is such that the high reflectance in the .7 to .9p band has been reduced will also

be excluded in this mode of sensing.

A more general approach for this experiment would be to use the full potential of the multi-

spectral technique by using enough channels to more reliably sense the shape of the spectral

curve for green vegetation. Then multiple decision criteria would be used to separate categories

of objects. This decision would be made on each resolution element with a probability of cor-

rectness based on the choice of decision criteria and uniqueness of signature. This general ap-

proach is precisely what will be needed to perform species differentiation. The astronaut oper-

ator will set the decision parameters in the sensor data processor and automatically the ampli-

tude values of output will represent the probability that a given object was observed.

3.2.2. CULTIVATED VS. NONCULTIVATED AREAS. A knowledge of these classes is im-

portant for land use studies, and perhaps for detection of "intelligent life" on other planets.

The detection of the two classes and measurement of their areas may be possible on the basis

of the textural difference between the two areas. Cultivated areas are inherently more struc-

tured by man and thus should contain high spatial frequencies plus "characteristic harmonics."

Noncultivated areas would tend to have random structure so that the spatial frequency content

would characteristically be flat with less high frequency content.

An experiment consisting of the optical-mechanical scanner employing specially constructed

IR detectors and used for day-night operation or a photomultiplier fitted with a spatial filter for

daylight operation only would l_e conducted over a test site where large areas remain unculti-

vated but where regions of cultivation around towns and cities are widespread.

The first experiments would be conducted primarily to verify the high frequency content

differences between cultivated land and uncultivated and would test the relationship between

45



5O

4O

3O

2O

10

0
0

IIIIII

m

m

m

i

I I I

A

1 I I I
.4 .5 .6 .7 .8 .9

IIII I I I I

IIII IIII
.0 1.5

WAVELENGTH (U)

FIGURE 7. AVERAGE OF REFLECTANCE VALUES FROM GREEN FOLIAGE

46



altitude, the size of the instantaneous FOV of the sensor and the size of the patterns sensed.

Later experiments would be operational feasibility tests for accuracy of area measurements.

3.2.3. WOODS VS. LOW COVER. As a subgroup for land use studies, the distinction be-

tween woods and low cover crops is necessary. From the first experiment (3.2.1) will come

an area measurement of green vegetation. Then a map can be made with either a radar sensor

where the brightest returns will be trees or a thermal map at night where the brightest returns

are either trees or water areas, (or a thermal map during the day when trees will he'darker

than their surroundings) and correlated by a coordinate comparison with the vegetation map to

identify those vegetated areas which are woods or orchards.

This experiment would be made to test the accuracy and reliability of distinguishing trees

from all other objects with a radar sensor, or IR thermal mapper sensor from orbit in conjunc-

tion with a multispectral sensor. This experiment would be a prelude to the test for tree species

differentiation.

If a synthetic antenna radar is employed in a satellite it can differentiate between woods

and low cover and provide an area measure of the regions. The resolution of a noncoherent

radar would be so poor that it would probably not be useful for this function. Synthetic antenna

radar (operating at long wavelengths) may also prove to be useful in woods penetration experi-

ments; however, a great deal of preliminary development will be required before such experi-

ments will become practical. Both equipment and data analysis techniques will have to be de-

veloped and proved feasible.

3.2.4. SPECIES DIFFERENTIATION

3.2.4.1. Multispectral Sensing. For agricultural census, conservation and government

support programs, the ability to identify crops, their state of maturity, vigor and the like is

desirable. The space platform's advantage of wide coverage in short time needs to be exploited

for the improvement of crop reporting and the assessment of a region's crop development.

Crops of major importance in the United States and the world include corn, wheat, rice,

sugar cane, cotton, and soybeans. The orbital experiments would begin with a study of the feasi-

bility of discriminating these crop types. The primary instrument for the experiments would

be a multispectral scanner operating in several bands in the visible and infrared. Advantage

would be taken of the growth cycle of each crop in a particular region of the country. Table IX

shows a monthly growth cycle for several crops on a regional basis. It can be seen that

one does not have to discriminate all crops at the same time in the green foliage conditions.
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For example, fields where winter wheat is to be sown are bare in September at a time when

corn is tall and yellow.

A similar state of affairs will occur at different times in different latitudes. This fact

makes the discriminating job much easier. Also it will be noted that the average size of a crop

field will have a bearing on the ability of the orbital sensor to discriminate crop types. The

ground resolution for the first generation of multispectral sensors will be in the neighborhood

of 200 ft, and since it is desirable to obtain about 10 resolution elements per object for reliable

identification those fields of crops whose length is at least 600 ft on a side or about 9 acre

blocks will be used for the first experiments.

Table X shows the distribution of corn field sizes in three Midwest states (Ref. 17 ).

It can be seen that the percentage of total farms having a base acreage of 11 acres or more

amount to 68% in Ohio, 76% in Indiana, and 83% in Illinois. The percentage of wheat farms

exceeding 10 acres totals 47% in Ohio, 56% in Indiana, and 64% in Illinois. Cotton fields are

extremely variable in size with the smallest fields in the Southeast, for example, Georgia (see

Table XI ). Soybeans are widely grown in Ohio, Indiana, and Illinois. Most fields would prob-

ably exceed 10 acres, and very few would be smaller than 5 acres. Most sugar cane fields are

large, perhaps 20 acres or more. Rice is grown in concentrated areas, principally in Arkansas,

Louisiana, California, and Texas. The percentage of farms which are at least 11 acres in size

is more than 89% in Texas and California, 84% in Arkansas, and 81% in Louisiana.

Generally speaking, fields east of the Mississippi are smaller for most crops than those

west of the Mississippi. In most parts of the world outside the United States, small fields pre-

vail. Exceptions occur in developed countries having plains areas suitable for agriculture, for

example, Canada, Australia, Argentina, and South Africa.

Thus the major experiment on the orbiting laboratory would consist of operating the multi-

spectral scanner with the sensor decision parameter set to accept only those signatures whose

spectral response matched the crop selected to be mapped. This will be a function of region

selected and time of the year the orbital flight is made.

This experiment would be conducted after the multispectral optical mechanical scanner

has been flown successfully in orbit. Prior to this time, it will be desirable to obtain multi-

spectral data from orbit to determine which spectral bands are practical in the presence of

haze, and atmospheric attenuation. One compact, relatively "simple" method is by multispec-

tral photography. Multispectral photography properly performed can be considered an operation

of a number of spectrometers viewing several objects simultaneously. The spectral scan is
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TABLE X. DISTRIBUTIONOF CORNFIELD SIZES

For the states of Ohio, Indiana and Illinois,the distribution of total

base acreage for corn, sorghum, and barley appears in Table I ASCS-

PPA-SSS, March 4, 1965. Barley and sorghum are minor crops, almost

rare in these states so the data pertain essentially to corn.

STATE: OHIO INDIANA ILLINOIS

TOTAL FARMS: 160,700 161,700 210,300

BASE ACREAGE:

I-i0 No. 56,600 No. 40,300 No. 34,000

% 35 % 25 % 16

11-15 No. 22,000 No. 19,000 No. 15,400

% 14 % 12 % 7

16-20 No. 17,700 No. 16,500 No. 14,400

% 11 % 10 % 7

21-25 No. 13,542 No. 13,400 No. 12,400

%8 %8 %6

26 + No. 51,000 No. 72,500 No. 134,100

% 32 % 45 % 64
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TABLE XL DISTRIBUTION OF COTTON FIELD SIZES

STATE: GEORGIA ARKANSAS

COTTON ACRES,
TOTAL: 900,000 1,355,000

NUMBER OF FARMS,

TOTAL: 93,200 43,500

COTTON GROWING

FARMS: 35,000 34,800

ALLOTMENT ACRES
PER FARM:

Less than 5 No. 6,300 No. 4,000

% 18 % 11

No. 9,500 No. 7,900

% 27 % 23

No. 5,200 No. 5,800

% 15 % 17 .

No. 14,000 No. 17,100

% 40 % 49

5.0-10.0

10.1-14.9

More than 14.9

TEXAS

6,500,000

192,600

107,000

No. 8,500

% 8

No. 8,000

No. 6,600

% 6

No. 83,900

% 79

AVERAGE FARM

SIZE-- ACRES 26 38 61
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instantaneous and when the nmltiple lenses are bore sighted with each other, the data from each

resolution element in view is recorded at the same time. The major drawback is the use of

film for data storage. Image development can affect the range of densities on the film. The

set of densities for a given point measured in each of the spectral channels represents the spec-

tral signature. And for this set of densities we want to see the densities as a function of the

object condition and how they may be affected by transmission through the atmosphere. Cali-

bration of the camera exposures and control of the development process will be all important.

Filter selection and replacement should be programmed and analysis of data should de-

termine which spectral ranges in the visible at least have the most potential for discrimination

and which spectral ranges might be eliminated from further consideration.

Further experiments with spectrometers to measure angular dependence of the spectral

signature as seen from orbit would be desirable. The spectrometer would be trained by the

astronaut-operator at a specified test site and as the satellite passes over the site, a series of

measurements at look angles forward, at the nadir and rearward could be carried out. Data

would be analyzed to determine whether a constant angular relationship between sun, field of

interest, and receiver must be maintained for consistent spectral signatures. If this proves to

be the case, then choices of orbits for multispectral crop identification may be constrained.

3.2.4.2. Passive Microwaves. The use of passive microwave radiometers for crop

identification, rate of growth, field size, etc. is improbable for several reasons. First, is the

limited resolution attainable with current and projected systems. From the charts shown in

Appendix C for resolution vs antenna size, it is shown that the maximum resolution attainable

in the 1970 time frame is between 1 and 2 milliradians. This corresponds to an area measure-

ment of approximately 40 to 140 acres which in many cases would be equivalent to or larger

than many crop areas. Thus identification would be difficult and probably impossible in most

cases. Second, sufficient measurements to demonstrate that identification is possible have not

been made, although there is evidence that this may be possible.

It can be concluded that it is not presently feasible to use passive microwave systems for

the above stated uses however a future potential does exist. It has also been ascertained that

R/D programs as well as measurements must be performed before the ultimate potential can

be assessed.

3.2.4.3. Active Microwaves (Radar). The use of active microwaves for remotely sensing

crop type, growth, etc., appears to have great potential but has not yet been fully evaluated.
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Figures 8 and 9 show some representative spectral differences in backscatter coefficients

which have been measured for the indicated crops. Also shown in Figure 10 is some seasonal

variations in backscatter coefficients for the various frequency spectra and crops. Except

where the variation in coefficient is small, the information will probably be quite useful.

There are currently several programs getting under way or in progress which should

eventually provide additional valuable target signature information for future use. The use of

coherent rather than incoherent radar is presumed since the spatial resolution limitations of

incoherent radar are the same as for passive systems. Coherent radar spatial resolutions of

25 ft are expected by the 1970 time frame as projected by Heavener in 1961. Presently, resolu-

tion capabilities of between 50 to 100 ft are within the present state-of-the-art which would be

adequate for this purpose (Ref. 19).

In general, for most imagery the ground truth has not been collected, nor have extensive

signature programs been undertaken until recently. Interpretation of the data (gray scale evalu-

ation)thus remains as the prime hurdle to be achieved prior to use of such systems in satellites.

Another area for concern should be the development of methods whereby the dynamic range

limitations of active systems can be improved. This could indeed be a serious limitation to any

signature program using active radar techniques.

In addition, the use of radar techniques and/or active scanning techniques in the IR and

visible regions should be examined as a means of obtaining signature data. Related research

makes it appear quite probable that signature information could be obtained with these tech-

niques. Theoretically, it is possible to instrument such devices, although little effort has gone

into designing such units.

Experimental programs should be initiated to obtain the signatures suggested, but until

this is done, signatures should not be considered as presently available for the ORL program.

3.2.5. AREA MEASUREMENT OF CROPS OR FOREST. As has been indicated earlier,

accurate area measurement of crop acreage is required for most agricultural programs. For

crop sizes of the order of one acre (209 ft on a side), a ground resolution of 2' would result in

an error about 1/2 to 2% per side or 2 to 4% error in area. Better accuracy of area ground

measurements can be obtained only for larger field sizes since resolution better than 2 ft can-

not easily be achieved from 200 nmi altitude. If one knows the frequency distribution of field

areas for a given species; then by a suitable sampling process, an estimate of crop acreage

can be made by measuring the areas of selected sites with the high resolution sensor.
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An experiment will be performed with the 1:60,000 scale photographic sensor described

above. It will be used in conjunction with the multispectral scanner which will be obtaining

information on crop identification. Both systems will have approximately the same total FOV

(2 °) and if both data displays use 9" film, the scales will be nearly the same. The multispectral

scanner will have coarser resolution and its output will not look like a true photo since the den-

sity will be determined by automatic decision circuitry indicating that a particular crop was

observed. The patterns of density will be the pattern of that crop distribution and by overlay

or by coordinate comparison the corresponding crop site on the high resolution photograph will

be noted and that field will be measured by appropriate means. The measured values are then

compared to the known field sizes at the test site. This experiment may also be used as a cal-

ibration procedure on resolution if a number of fields of different sizes are present at the test

site.

Coherent radar techniques can be used extensively in agriculture surveys for area meas-

urement purposes on relatively larger farms. Assuming the predicted 1970 resolution capa-

bilities of 25' and assuming a minimum square area of 40 acres (1/16 section), the maximum

error in measurement is approximately 1 acre or 2.5%. For all larger areas the percent error

is of course less.

Area measurement with coherent radars is possible since fields are discernible due to the

variance in reflectivities which produce gray level differences and with interpretation of the

ordered shape recognition. However, as previously discussed in Section 3.2.4, the signatures

are not well known and sufficient theory has not been developed to determine what crop is pres-

ent (i.e., corn, oats, wheat, grass, etc.). At present then, it would be necessary that the crops

be identified by some other remote sensor such as the multispectral sensors or by some other

means. Of considerable importance is the recording mechanism. It must be adjusted or pro-

grammed to record within the dynamic range in which the gray scales or crop cross sections

are available. We can plot only a portion of the total dynamic range available and therefore

must pre-select or program for that portion of the dynamic range we wish to obtain.

Present instruments operate in the 3 cm wavelength region, which appears to be optimum

for this work. There are several reasons why this is the optimum microwave region.

First, operation at long wavelengths would produce erroneous signatures because of the

penetration capabilities in soils and vegetation. Thus, the signature and contrast obtained

would change depending on soil type, etc. (Ref. 19).
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Second, at shorter wavelengths the atmospheric absorption becomes pronounced, and de-

pending on the weather conditions, would either reduce or obliterate the contrasts required for

measurements. Thus, one concludes that the initial experiments should be performed in the

spectral regions for which the variables and their effects are at a minimum.

Prior to placing sucl_ a radar instrument in the ORL, there should be a detailed investiga-

tion of the methods by which the data could be processed and used for area measurements.

Proposed methods should be checked by use of data obtained from aircraft. It would be nec-

essary to establish ground truth sites or perhaps use those sites presently available for the

aircraft measurements. It is probable that once the methodology is established and proven

adequate, new ground truth sites may be established for the ORL program.

3.2.6. MEASUREMENT OF SNOW COVER

3.2.6.1. Microwave Sensors. Snow coverage can be measured by passive or active micro-

wave systems. The selection of passive or active would depend upon the resolution require-

ments and the ground patch size to be measured.

For extended areas and where coarse resolution can be accepted, the use of either non-

coherent radar or passive microwaves will provide the extent of snow and ice coverage. The

linear measurement accuracy will vary from approximately 0.4 to 1.6 n miles for the passive

systems suggested or from 0.25 to 5 n miles for the non-coherent active. The variations are

due to the frequency dependence or resolution. In the calibration experiments, the wavelength

dependency will be evaluated.

When ground resolutions less than 0.25 n miles are required, then the coherent active sys-

tems must be used. Ground resolutions approaching 25 ft should be possible within the 1970

time frame if the prediction of Heavener is correct. The representative effects of snow cover

for active systems are illustrated in Figures 11, 12, 13, 14 as a function of wavelength

and polarization for various backgrounds.

Thus it is concluded that any one or all of the proposed microwave systems may be useful

for snow and ice measurement capabilities.

3.2.6.2. Depth of Snow and Ice Penetrator with Radar Techniques. The depth of ice and

snow can be measured within a resolution element by receiving the radar return from the sur-

face of the snow and the radar return from the frozen ground beneath the snow and/or ice.

Presently, there are experiments measuring snow and ice thicknesses by this method but most
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of these experiments use too low a frequency (110 to 440 mcs) to have an adequate resolution

from a 200 n mile satellite (Ref. 20 ). The most applicable work was by Cummins who meas-

ured the permeativity, loss tangent and reflectivity of snow and ice at 9.375 Gcs, (Ref. 21 ).

The penetration of snow or ice by electromagnetic waves can be calculated for a wide frequency

by using the theory and data given by Von Hippel (Refs. 22 and 23 ). Table XII gives the at-

tenuation for the frequency range of 103 to 1010 of three kinds of snow and ice. These calcula-

tions were made using Von Hippel's data on loss tangent and dielectric in the following equations

8.686_" tan 5 /r e'/2

for tan 5 = 0.0001 to 0.05 (low-loss dielectrics)

, -1/217.37_ /2 (1 + tan25) - 1

for tan 5 = 0.05 to 50 (medium-loss dielectrics) where a is the attenuation in db/meter and

tan 5 is the dielectric loss tangent (in units), ;t is the wavelength in meters, e' is the permea-

tivity of the media (i.e., snow or ice), eo is the permeativity of a vacuum, C/e ° is the relative

permeativity or dielectric constant (in units), p' is the magnetic permeability of the media, /z°

is the magnetic permeability of a vacuum and /z'//z ° is considered to be 1 for these calculations.

Figure 15 is a plot of the attenuation of freshly fallen snow, hardpacked snow, and ice vs

frequency as calculated from the above equation and tabulated in Table XIL It can be observed

from Figure 15 that the snow temperature has the greatest effect on the attenuation but the

snow curve rises steeply in the 3 C-cs .to 10 Gcs frequency spectrum as does the ice. It is also

noted for the microwave region that the denser material is, the greater the attenuation.

Thus we have determined that using a frequency of 10 C-cs and an antenna diameter of 20

meters may be necessary for a sample calculation of radar penetration of low loss dielectrics.

The well known radar equation is given by

S PtGtAr

= 4_2r4KT _f(NF - 1) (1)
O

where S/N is the signal-to-noise ratio

Pt is the peak transmitter power in watts

G t is the gain of transmitter antenna

A is the area of receiving antenna in sq meters
r
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TABLE XII. ELECTROMAGNETIC WAVE ATTENUATION BY SNOW AND ICE ,,

Freshly
Fallen

Snow

(-200C)

Hard

Packed

Snow

(-6°c)

Ice

(-12°c)

Dielectric-Loss Relative Dielectric

Frequency Tangent Constant Attenuation
(cps) (E,/_0) (db/meter)

103 0.4920 3.33 7.9414(10- 5)

104 0.3420 1.82 4.1378(10 -4)

105 0.1400 1.24 1.4144(10- 3)

106 0.0215 1.20 2.1422(10- 3)

107 0.0040 1.20 3.9856(10- 3)

3(108) 0.0012 1.20 3.5870(10- 2)

3(109) 0.00029 1.20 6.6688(10- 2)

*1010 0.00042 1.26 4.2882

105 1.5300 1.90 1.6130(10- 2)

106 0.2900 1.55 3.2503(10- 2)

3(109) 0.0009 1.50 3.0078(10-1)

105 0.8000 4.80 1.4927(10- 2)

106 0.1200 4.15 2.2193(10- 2)

108 0.0180 3.70 3.1493( 10-1 )

3(109) 0.0009 3.20 4.3932(10-1 )

1010 0.0007 3.17 1.1336

*At - 6°C.
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r is the range in meters

K is Boltzman constant and equals 1.38(10 -23) joules°C -1 cps -1

T is the temperature and equals 290°Kelvin
o

Af is the bandwidth in cps

NF is the receiver preamplifier noise figure numerical ratio

Equation 1 can be used to determine the signal-to-noise ratio for a radar wave totally reflected

from a flat surface. In the case of measuring snow depth, Equation 1 must be modified to meas-

ure the transmittance of the snow as follows:

S PtGtArTA- S T2ps-RTs- A (2)

= 4_2r4KTAf(NF- 1)

where TA_ S

T

PS-R

TS_ A

Pt
at
A

r

S/N

_f

NF

is the transmittance of air to snow boundary and equal to 0.9 (Ref. 21 )

is the transmittance of the total snow depth (one way)

is the reflectance of the rock to snow boundary and equals 0.434 (Ref. 20

is the transmittance of the snow to air boundary and equals TA_ S

= 5(10 6) watts

= 4.09 (106) for 50 percent antenna efficiency

= 400 sq meters

= 10 (assumed)

= 3.7 (105) meters (200 n miles satellite altitude)

= 108 cps for a 10 n sec pulse

= 2 for cooled parametric amplifier

Substituting these values in equation 2 gives T = 10.3 = 11.07 db

The transmission depth is

ad= 11.07 db

where d is depth in meters

a is the attenuation constant in db/m (snow at -20°C a equals 0.25 db/m at 10 Gcs)

(Fig. 15 )

Thus the maximum snow depth measuring capability is 44.2 meters with this radar. But where

ice (-12°C) has an a of 1.1336 db/m, the maximum ice depth measuring capacity is 9.68 by this

10 Gcs radar system. Water snow (hard packed at 6°C) has an a of 4.2882 db/m and the maxi-

mum measuring depth capacity of this 10 Gcs radar system is 2.58 meters.
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Thepulse resolution accuracy by received wave form spreading is 1 n sec or 0.3 meters

using high precision dual beam oscilloscope indicator. The geometric resolution of a 20 meter

antenna at 10 Gcs is about 0.15 meters as shown on Figure 16. The diameter of the resolution

patch from a 200 n mile satellite is 531 meters.

It can be concluded that with large antennas freshly fallen snow depth can be measured but

ice and packed snow had very limited depth measuring capabilities by radar. Radar antennas

of 20 meters in diameter are practical according to radio astronomers (Ref. 24 ). Radar

could be used to measure snow depth for flat terrain on the order of the large resolution patch

diameter of over 500 meters.

3.2.7. AREA MEASUREMENT OF OPEN WATER ON LAND. The mapping of streams,

rivers, lakes, etc., appears to be an application for ORL experimentation on the basis that

there is a seasonal variation in open water area and that in underdeveloped areas of the world,

a detail geography of the stream, rivers, etc., may not exist.

The detection of these areas may be accomplished in each of several ways. The ORL ex-

periments would be performed with the goal of assessing which method proved to be the most

feasible technically, economically and accurately.

The first method is the use of infrared photography taking advantage of the 0.7 to 0.9g

band with its high absorption characteristic for water and maximum reflectance of Vegetation.

The darkest areas on a print would be classed as water surfaces. Resolution would be the best

of the three methods and scale would depend on which camera system is used.

The second method is the use of a thermal mapper operated at night when significant ther-

mal differences exist because of the heat capacity differences between land and water. The

water areas will be the brightest tone on a print. Resolution would be about 200 ft for the first

experiment.

The third method is the use of microwave or radar systems. In all probability, the only

useful microwave sensor for area water table measurement would be the coherent radar since

good resolution would be required for evaluation purposes, particularly for small rivers and

lakes. All of the microwave sensors can readily distinguish between water and land areas but

there remains the question of resolution required. The presence of small streams can usually

be detected by radar by observing the foliage surrounding the streams. The foliage exhibits

different cross section characteristics than the foliage tens of feet from the stream. Thus in-

direct measurements may be possible. Assessment of these properties would be necessary in

the experiment calibration program.
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3.2.8. AREA MEASUREMENT OF DAMAGE. Since damage assessment of floods, earth-

quakes, etc., is not frequently required, no long range specific experiment can be planned other

than the specification that high resolution photography would be most preferred and that a com-

parison be made of the "before" and "after" condition. This may not always be possible unless

reasonably up-to-date photography is available for those areas most susceptible to earthquake,

flood and storm damage. Preliminary comparative experiments should be conducted at altitudes

such as 1000 ft, 20,000 ft, and 100,000 ft to assess the loss of information about damaged areas

as a function of altitude.

As in Section 3.2.7 the only sensor which may have adequate resolution for all weather

damage assessment would be the coherent radar system. Here the assessment would again be

made by comparing the before and after maps. In the case of flooding, the extent of water

coverage could be readily detected and the presence or absence of particular features of a map

would provide one with an indirect measurement.

Radar would be most useful only when the use of IR and visible reconnaissance techniques

are not possible due to adverse cloud cover and/or weather conditions. Both the IR and visible

photographic techniques have better resolution capabilities.

The recommendation of using coherent radar for damage assessment is made only be-

cause other uses of this radar are anticipated. If this were its only use then damage assess-

ment could be made from high or low altitude aircraft having the same coverage and resolution

capabilities at much lower expense.

3.3. OCEANOGRAPHY

3.3.1. SEA SURFACE TEMPERATURE MEASUREMENTS. At the present time, sea sur-

face temperature measurements are made by surface vessels and by anchored or drifting

weather/oceanographic buoys. All of these techniques present technical and financial limit-

ations which make high-resolution, daily measurements impractical.

When one considers the total surface area of the ocean in relationship to its mean depth,

surface measurements become highly significant. In particular, studies of currents, ice fields,

and coastal geography can be made quite easily with infrared reconnaissance mapping equip-

ment.

For a 200 n mi earth orbit, each consecutive orbit crosses the equator at a distance of

about 1400 n mi from the preceding crossing. With a 28 ° total field of view, complete coverage

of the earth's surface(with 20% overlap) would be obtained daily with 18 satellites. With a 2.$ °
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T.F.V.. the scanner would require "pointing," and total coverage of the earth's surface would

be obtained in 10 days (assuming weather and cloud cover conditions to be favorable) with 18

satellites.

In all cases, it is expected that temperature difference sensitivities on the order of ±0.1°K

will be achieved. The atmospheric effects on this figure have not been assessed, and a certain

amount of caution is urged when one seeks to assess how well the temperature can be measured.

Certainly, atmospheric disturbances, emissivity fluctuations, sea- state, etc., will produce ef-

fects which will influence the radiometric measurements. Therefore, proper choice of wave-

length (Ref. 25 ) and experiments on atmospheric transmission in conjunction with ground-

based measurements will assist in assessment of the data.

The 2.3 ° FOV scanner will have a ground resolution of 200 feet. This should make it use-

ful in observations of sea ice, small upwellings, and coastal geography. It may prove desirable

to construct this device such that the astronaut-scientist can point it at regions of interest.

The 28 ° FOV scanner will have a ground resolution of 3600 ft or 1 km. This should make

it useful in observations of sea surface temperature, ocean currents, and large ice fields.

Phenomena which require resolutions finer than 200 ft cannot be measured in detail with

the infrared devices which are proposed herein, although it should be possible to measure

averaged effects over areas comparable to resolution-element dimensions. For instance, a

very small iceberg (-20°F) which fills 1% of the field-of-view (the rest being filled with 32°F

water) will cause a depression in signal level equal to a At of 0.3°K (which should be observ-

able with a 0.1°K sensitivity). In fact, if the temperature of the ice is known and a At is meas-

ured, it should be possible to relate the signal output to the percentage of ice in the region

under observation (within a certain confidence level).

The data could be presented on 9" × 9" photographs with a spot-size of 1 mm, at scales

of 1:62,500" and 1:1,000,000 (high and low-resolution imagery, respectively). Although this is

fairly coarse, it should prove practical for some of the desired observations. However, as in-

dicated earlier, a smaller scale data format on 70 mm would not appear objectionable at normal

viewing distances.

Experiments should be conducted to measure absolute apparent temperatures from orbit

at the same time that surface vessels measure both bucket temperatures and radiometric

*Figure 17 . shows an aerial photograph of an airport at a scale of 1:29,060 and with a

spot-size of 1 mm (square aperture). Aperture-shaping could enhance the appearance of the
imagery considerably.
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temperatures. Every attempt should be made to determine the necessary correction factor to

convert apparent temperatures to so-called "contact" temperatures if oceanographers require

these values for studies of energy exchanges and air-sea interactions. This is one of the areas

in which measurements may be made by sensors housed in a system of buoys and later tem-

perature readings are transmitted to the satellite. This may be the only acceptable method of

providing synoptic readings of ocean temperatures.

Microwave radiometers may have potential for making sea temperature measurements.

Radiometers measure the total effective temperature which originates from several sources.

Over the surface of the sea these sources include the atmospheric absorption, emissivity of

the sea, sea temperature, and the sky noise reflected from the surface, all of which contribute

to the effective measured temperature. Temperature sensitivities of 0.1 to 1° can readily be

obtained for these devices (see Appendix C); thus, it remains necessary to measure the vari-

ables and subtract them from the measured temperature.

In Section 3.3.3 a scheme for measuring sea state has been suggested and if it proves

feasible then one of the largest variables can be measured, namely, the change in emissivity

which has resulted from varying sea states. Depending on the accuracy with which the sea

state can be measured, one can thus correct the temperature and improve the accuracy of the

sea temperature readings.

It is recognized that a great deal of experimentation must be performed prior to evaluating

this technique, and therefore this is a second order experiment in terms of importance, par-

ticularly since fairly accurate IR measurements are probable.

3.3.2. MARINE BIOLOGY

3.3.2.1. Photography and Multi-Spectral Sensors. The primary instruments to be used to

conduct feasibility experiments for the detection of chlorophyll, plankton, fish, etc., on or near

the surface of oceans will be the multispectral sensors. The spectrometer and multi-lens

photography will be used initially and later optical-mechanical scanners with real time proc-

essing for mapping a particular distribution to establish the character and statistical reliability

of a spectral signature for the plankton, chlorophyll, etc. A multi-lens camera with 25 ft ground

resolution is already under study by NASA planners and could be used for the application from

an ORL. Pre-orbital experiments conducted with multispectral cameras in areas known to con-

tain concentrations of the plankton, clupeoid fish and chlorophyll would be necessary to study

the effects of sun angle, sea state, weather conditions, and areal extent of the phenomena. Color

photography will also be used and may be considered a relatively simple compact version of
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multispectral photographyin whichdataprocessinghasalreadybeenperformedandthe image

presentsa color codedprofile of light reflected from the ocean. Thechlorophyll absorption
bandin thered is preciselywhereoneof the color dyesresponsepeakoccurs. Sunlightre-

flected from a chlorophyllsurfacewill be filtered in this redbandat about.68pandthe color

imagewill beaffectedaccordingly. In addition,a potentialmeansof detectingliving organisms
is by detectingthe presenceof trace elementsof iodine,etc. assuggestedby Barringer (Ref.

30). The method should receive further study and experimentation.

3.3.2.2. Radar. The experiments which can be envisioned for an ORL type of system in

connection with marine biology are at this time thought to be marginal. This is due in part to

the lack of evidence to support the likelihood of success of such experiments and the need for

preliminary experimentation to determine the practicality of such experiments. This is not to

say that information which might be obtainable by an ORL, would not be useful to the fishing

industry. Certainly sea- state, sea chlorophyll concentrations, sea-climatical conditions, and

sea-temperature condition which are thought to be monitorable from an ORL would be invalu-

able, when used in conjunction with fish behavioral patterns, to predict likely fishing areas.

It has been noted by some observers that some surface fishes exhibit visible scintillation.

The likelihood of observing this phenomena with a sensor from an ORL is low; however, it

should not be discounted until checked. Of course, it is obvious that a visible sensor would

have only clear weather capabilities (no cloud cover). The resolution capabilities of such sys-

tems would also require that the school of surface fish be large. It has been suggested that it

may be possible to detect schools of surface fish using active radar systems; however, the

likelihood of success of such a system is marginal since active radar systems can observe

only surface phenomena over water (microwave penetration of only a few millimeters being

possible). Therefore, only those fish on the surface (provided they have sufficient radar cross

section) or the surface disturbance associated with the fish would be observable and only then

if the surface disturbance was distinguishable. Aircraft or other preliminary experimentation

should be undertaken to prove the feasibility and practicality of such a scheme.

The area of fisheries applications for which the ORL shows the most promise is the moni-

toring of the fishing fleet movement; here again, preliminary investigations are required to

determine the feasibility of such a program. Since the size of sea going fishing vessels of pri-

mary concern is on the order of 40 feet or greater, only high resolution photography and syn-

thetic aperture radar have the resolution (theoretical) capabilities to do the job from an ORL.
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To determine specific power requirements, radar cross sections typical of such vessels would

have to be evaluated, possibly from an aircraft platform.

3.3.3. WAVES AND SEA STATE*

3.3.3.1. General. The techniques presently used for measuring sea state are inadequate

for obtaining measurements over extended areas. These techniques include the use of acceler-

ometers, pressure sensors suspended in quiet waters below the sea surface, and other similar

devices (Ref. 26 ).

Several spectral regions have been considered for making sea state measurements and th

most promising appears to be the microwave spectrum. Techniques for measuring sea state

have been suggested and discussed by others (Ref. 27 and 28 ) but have not been imple-

mented. A survey of the literature indicates that measurements have been made which partia ly

support some of the techniques. The measurement in the microwave spectrum of active, passiv_

and bistatic scattering coefficients from various terrain types and from water surfaces estab-

lish the feasibility of these techniques.

Microwave techniques are of particular interest because a system operating in this area of

the spectrum would have essentially an all weather capability as compared to IR or visible sen-

sors.

3.3.3.2. Passive. Microwave radiation to be detected originates from several sources,

namely, the self-emission of water, sky reflections, and multiple reflections from other nearby

objects. In the case of sea state measurements, the self-emission and sky noise reflections

constitute the radiation available which determines the apparent temperature to be measured.

It has been observed by many researches that the apparent temperature of the sea varies

considerably depending on the wind conditions, angles of look, global location, and the polariza-

tion at which the information is obtained. By careful measurements and the proper interpreta-

tion of the data obtained one should be able to measure sea state remotely.

Two methods have been suggested for possible passive microwave sea state measurement.

They are dependent upon the polarization effects observable from water and upon the water

vapor absorption/emissivity characteristics (Ref. 28 ). It is suggested here that the polari-

zation technique appears to hold the greatest promise.

*Much of this material was previously evaluated for another program and is presented

with only minor modifications. (See Ref. 29).
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Theeffects of polarization can be shown by first looking at the emissivity of smooth calm

water as a function of incidence angle with polarization as a parameter (see Fig. 18). At or

near the Brewster angle, a maximum temperature difference occurs. As the sea approaches a

rough state, then it becomes a diffused emitter/reflector and the polarization difference be-

comes negligible as is shown at 90 ° incidence.

The apparent sky temperature increases as the look angle approaches the horizon resulting

in an apparent temperature variation as shown in Figure 19.

The final apparent temperature measured then is a combination of both sky reflections

and water emission characteristics. The variations in apparent temperature between orthogonal

polarization therefore appear to be as great as 30-50°K at particular incidence angles.

We must consider the effects of wavelength upon these temperature differentials. As was

shown above the polarization differentials approach zero as the sea becomes rough, and the

absolute radiometric temperature approaches the ambient conditions. It should be obvious

that the sea is rough only on the basis of the wavelengths by which comparisons are being made.

It can be seen then that at short wavelengths saturation occurs and polarization discrimination

is lost as sea state values increase. Longer wavelengths saturate at higher values of sea -_ _te.

Thus a dependence of measurement on wavelength has been established. Therefore it is nec-

essary to make measurements at three wavelengths to produce what may be considered the

optimum in sea state measurement. The choice of wavelength to be used was made by con-

sidering other additional parameters (see section on wavelength selection) as well, and thus

3 cm, 10 cm, and 8 mm were chosen.

Absolute measurements of orthogonal polarizations will be taken simultaneously and will

give pertinent information within a given test site where measured data will be related to that

obtained from the radiometers. However, the absolute data will be of little value when meas-

uring over large areas, as absolute sea temperatures are known to vary by as much as 30°K.

Variances of this magnitude could easily be mistaken for sea state changes.

The advantage to the differential measurements are therefore now quite clear as these

changes will affect the differential measurements only to a very small extent.

Other researchers making bistatic and reflection measurements have found considerable

variations in sea cross sections depending on the direction in which they were measuring with

respect to the wind (Ref. 31_ 32_ and 33 ). When looking downwind the cross section was

greater than upwind by factors exceeding 5 db. Cross wind measurements differed by smaller

amounts but were readily detectable. It has been shown by researchers at Ohio State University
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Antenna Laboratories in terrain measurements (Ref. 349 35 ), that there is a direct correla-

tion between bistatic and passive measurements. It is not expected that this would differ greatly

in measurements over the sea. Thus, it is expected that errors in measurements of sea state

will exist depending upon the wind direction. It, therefore, is considered necessary to measure

wind direction and determine the dependence of sea state measurements on wind directions.

Resolution Determination

It has been noted on very special occasions that sea state has varied significantly within a

1/4 mile path. It would be desirable to resolve an area 1/4 mile across, and therefore, this

was considered when the preliminary resolution criterion was established.

Wavelength Selection

The wavelengths at which maximum information can be obtained are defined by several

parameters. They include antenna size requirements, system sensitivity required, current re-

ceiver and antenna state of the art and all weather operation.

Loss measurements as a function of weather conditions and wavelength to 35 Gc are shown

in Figure 20 from a 12 mile altitude above which little loss would exist. The maximum

losses indicated are 8 db in the worst condition cited.

FromFigure37 (Appendix C) it can be seen that at 40 Kmc losses increase and good low

noise receivers are not available. Also in this region tropospheric scattering is beginning to

be a problem. Therefore, 40 Kmc is considered an upper limit on radiometer frequencies to

be considered.

At the longer wavelengths galactic noise increases rapidly. Therefore, the best frequency

range is in the decimeter to 8 mm region. Since it is desirable to avoid the water band at 22

Kmc, the wavelengths chosen are at 10 cm, 3 cm and 8 mm for which optimum performance

can be obtained.

For the initial experiments aboard the ORL, it is not necessary to use a scanning radiom-

eter. A simple profiling device should be adequate to establish the operational criteria nec-

essary for future use.

3.3.3.3. Active Radar. Much of the incentive used to develop the passive technique de-

scribed in Section 3.3.3.2 came from bistatic and active measurements which have been made.

In the active case, the noise (i.e., signal in sea state) or clutter has been a problem for most

radars used at sea. A review of the technical literature indicates that the clutter varies as a
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function of sea state, aspect angle, wind direction, polarization, and wavelength of operation.

(The investigations were usually being made to find ways to reduce clutter.)

The literature search has revealed that many researchers have attempted to analytically

describe the surface of the sea, from which the theoretical feasibility of the measurement

could be established. Thus far, these efforts have not succeeded in modelling the sea. There

is4 however, sufficient evidence in the literature to allow some conclusion to be drawn and

warrant a laboratory investigation.

The arguments for using active radars would thus be similar to those for use of the passive

systems. From these general considerations, it is concluded that the use of radar for sea state

is feasible.

The wavelength selection criteria would be similar to that of passive; however, a single

operating frequency is recommended for initial ORL experiments, namely, an incoherent sys-

tem operating in the S-band spectrum. This region is chosen as it has been observed that some

saturation effects take place at the shorter wavelength at intermediate sea states. Also, the

storm penetration capabilities would be near optimum at this wavelength. Additional measure-

ments can be made with the X-band coherent and K band incoherent radars to establish their
a

usefulness to limitations for sea state measurements. The use of the X-band coherent will

help to further establish the minimum resolution requirements for sea state measurements

from space.

Before any program for space applications is commenced, some simple airborne experi-

mentation will be required to establish the feasibility of the measurements proposed. This is

discussed in Section 3.1.

3.3.3.4. Determination of Waves and Sea State by Laser Altimeters. For beams not oc-

cluded by cloud cover, the pulsed laser altimeter can measure from a 200 n mile satellite wind

wave heights from .6 meters to greater than 100 meters directly below the satellite and with a

data rate as high as 10 cps (see App. Sec. E.3.5). The future FM-CW laser altimeter can de-

termine and measure from a 200 n mile satellite wind wave heights from .7 millimeters to

greater than 100 meters directly below the satellite and with a continuous data rate (see App.

Sec. E.2.2 and E.2.4). Because of this continuous data profile, swells and tsunamis waves might

be detected because high resolution of the area observed by the laser altimeter (17.9 meters

in diameter). Also by observing the waves at an angle from the nadir direction, the direction

in which the waves are moving might be determined. From the wind wave height profile data

and wave direction, surface winds for oceans could be determined.
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3.3.4. SEAICE. Thereare several sensorswhichmaybeusedfrom a satellite platform

that cancontributeto theknowledgeandto the mappingof ice distribution in the NorthAtlantic,
at the Poles.andelsewhere. Instrumentationrecommendedfor usein the other application
areaswill serve thepurposereadily. Experimentsonice distribution shouldbecarried out

with bothhighandlow resolutionphotography,with themultispectral sensors,with low and
highresolutioninfrared mappers,with theX-bandpassivemicrowavesensoraswell as the

highresolution syntheticapertureradar. Thetests will determinethe efficiencyof eachsen-
sor for this application,andwill indicateto whatextenteachsensorprovidesuniqueinforma-
tion.

3.3.5. COASTAL GEOGRAPHY. Color photography combined with infrared and conventional

photography has proven of value in work of the U. S. Coast and Geodetic Survey (Ref. 37 ). The

use of low and high altitude photography taken on regular flights along the coasts would appear

to be satisfactory. Satellite studies of coastal phenomena would appear to be necessary only

for coastal regions when normal aircraft facilitiesare unavailable, where knowledge of coastal

phenomena are important for geography, geology and other scientificand engineering studies

and where repeated coverage is desired. An experiment to test the feasibilityof space sensing

of coastal areas that provide information similar to what is presently available would be in or-

der. Each of the three camera systems described earlier as well as the multispectral camera

and scanner instrument would be operated over a test site and a comparison made of the infor-

mation content degradation because of atmospheric attenuation and orbital environment.

3.3.6. ATMOSPHERIC CONSTITUENTS. The entire field of remote sensing of the earth's

surface is dependent on the absorption characteristic of the earth's atmosphere. For observing

the ground one selects the atmospheric windows._ For observing the distribution of H20 , CO2,

Ozone, and other atmospheric constituents, one naturally selects a wavelength interval char-

acteristic for the constituent. Some of the characteristic wavelengths for H20 , CO2, and 03

occur in the infrared, and by appropriate filtering infrared radiometers may be used to detect

their distribution and amount.

In general however, suitable instrumentation needs to be developed and tested at suborbital

altitudes to verify the feasibility of detection of a given constituent before ORL experiments

are defined. Background radiation may interfere, the proper wavelengths need to be selected

and special detection schemes need to be invented in some cases.
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3.4. EXPERIMENTSFOROTHERAPPLICATIONAREAS

Experimentsdescribedin the previoussectionsfor agriculture andoceanographywill have

direct applicationto manyother disciplines. Techniquesof crop identificationandarea meas-
urement,for example,canbeadaptedto theproblemsof forest inventory,andestimatesof
biomass. This sectionwill not repeatthe coverageof fundamentaltypesof experimentsalready

discussed,butwill indicatesomeadditionalareasfor experimentationin othersubjectareas.

3.4.1. GEOGRAPHY.In early experiments,coverageof test sites andother specialareas
of interest shouldbeobtainedwith thevarious typesof sensorsandfor different conditionsof

time of day,season,cloudcover, local weather,etc. This imagerycanbestudiedto selectthe
bestconditionsfor cartographicandotherpurposes. In order to expeditethe processof ex-

perimentandevaluation,muchof the preliminary interpretation of developedfilm shouldbe

performedaboardtheORLto guidethe planningof individualsteps in the experimentalprogram.

Onceoptimumconditionsfor acquiringimagery are decidedon,at least oneset of pictures
shouldbeobtainedof theentire landsurfaceof the earth in the usefulspectral ranges. Com-

pletephotographiccoverageat a scaleof 1:800,000couldbeaccomplishedwithoutexcessive
cost or effort. This preliminary coverageof theearth will supplythe scientific community
with usefuldatasothat membersof thevarious disciplinescanmakepreliminary studiesof

the earth's surfacewhichare of special interest to themandcanselectareasto beobserved

at increasedscaleduring theORLexperiments.

Cartographerswill usethis first coverageto establisha databank,learn howbest to store,

retrieve, anddistribute the imagery,andhowto apply it to the updatingandimprovementof ex-

isting maps. Theywill beparticularly concernedwith accurately identifyingthe regioncovered

byindividualphotographs,relating the imageryto a geodeticcontrol networkonthe ground,
providinggeometricrectification, andinterpreting natural andcultural features.

In additionto the studyof rural landusepatterns,which is relatedto the agricultural ex-

periments,geographerswill studyimagery of urbanareas andtransportationnetworks. They
will wantto establishthe resolutionandother viewingconditionsnecessaryfor reliable detec-

tion andidentificationof items of interest to them. Theuseof regionsof the spectrumother than

thanthevisible shouldbethoroughlyexplored. Particular interest will centeronthe possibility
of derivingindirect indicationsof levels of urbanandindustrial activity throughmeasurement

of man-inducedenergy. Archaeologistswill haveinterests similar to geographers,andmulti-

spectral sensingcapabilitiesmayenablethemto spotancientsettlementswhichcouldnot be

seenin thevisible. It will beof particular interest to obtainsomelarge-scale imageryof
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remote and inaccessible regions in developing areas. For all of these purposes, it would be

highly desirable for the ORL experimental team to perform direct reconnaissance of the earth

and pick out likely areas of interest for remote sensing coverage.

3.4.1.1. Determination of the Earth's Profile by Laser Altimeters. Elevation data useful

for topographic mapping could be obtained by laser altimeters. The height variations along a

continuous strip 17.9 meters in width can be determined to an accuracy of centimeters by the

future FW-CW laser altimeter (see App. Sec. E.2.2 and E.2.4). To get these high resolution

strips from a 200 n mile satellite of the total earth's surface will require a polar orbit. If the

probability of cloud cover is 40-60 percent for the earth's total surface, the number of orbits

required to profile the earth would be 1.425(1013), but this figure could be decreased to practi-

cal limits by sampling procedures.

As indicated in Appendix Section E.1.4, the reflectance of natural land objects is higher

than for ocean water. Thus the FM-CW laser altimeter will require less source power than

was calculated in Section E.2.3.5.

3.4.2. FORESTRY. The forest inventory application requires two distinct processes,

forest mapping and determination of tree size. The mapping of forest areas, involving both

area measurement and species identification, is similar to the processes of crop identification

and measurement of farm areas; hence, the proposed experiments are extensions of those sug-

gested for agricultural applications. However, because of nonuniform forest stands and the

relatively small size of individual trees, a higher resolution capability is expected to be re-

quired. Experiments to determine the effectiveness of measuring tree size will use high reso-

lution photography of forest test sites. Tree size will be estimated from measurements of

average crown diameter and checked against ground truth.

To establish the feasibility of forest fire detection techniques, a series of experiments is

suggested. A simple but highly useful beginning would be for the ORL experimenters to make

direct observations by telescope of areas in which forest fires are burning, in order to find

out how much can be seen visually from orbital altitude and how accurately position can be de-

termined. These observations should be checked against ground truth data on location, size,

and character of the fire. Additional experiments should be conducted with radiometric equip-

ment trained on a test site area where a simulated fire has been prepared or on actual forest

fires with known characteristics, as reported from the ground. Assuming favorable results on

detection capability are obtained, tests with infrared scanners and possibly passive microwave
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equipment would be conducted to check the capabilities of automatic methods of fire detection,

discrimination and position location.

The development of measurement methods for energy balance in forested areas will re-

quire experiments with multispectral data collected in the ultraviolet, visible and infrared

regions with ground resolutions ranging from 200-400 ft up to 1000 ft, depending on the purpose

of the measurement. Within the infrared region, a temperature sensitivity of l°K or less will

probably be required. Basic data are required on total insolation, energy reradiated from the

earth, surface temperatures, and vegetative characteristics of the area scanned. Experiments

leading to definition of vegetative characteristics have already been discussed. The other

items can be obtained by measurements made over specific test sites with varying types of

vegetative cover. These must be coordinated with ground-based and airborne tests made simul-

taneously with the orbital passage.

3.4.3. WATER RESOURCES. Much of the value of orbital sensing for water resources

applications depends on the development of techniques for measuring the quantity and distribu-

tion of water in various forms, including snow, ice, and soil moisture, and the corresponding

temperatures. Thus, the initial emphasis of the experimental program must be on perfecting

the equipment and measurement techniques needed for accurate determination of these quanti-

ties. Hydrologic studies also depend to an important extent on the characteristics of vegetative

cover; the ORL experiments related to this subject have already been discussed in previous

sections.

Experiments should be conducted to determine the accuracy and resolution with which

measurements can be made of snow depth, equivalent water content of the snow, areal cover of

snow, and its spectral reflectance characteristics. Development of measurement techniques

for river and lake ice and surface temperatures of rivers and lakes should benefit from similar

experimentation as discussed under oceanography. The problem is somewhat different, how-

ever, primarily because the smaller extent of the lake and river surfaces will demand better

resolution. Delineation of flooded areas by radar sensors will require experiments to deter-

mine the resolution required to give usable definition of areas covered by water, and the swath

width to which effective coverage can be extended.

Radar and visible photography should be used to obtain imagery for the study of basin geo-

morphology and to develop methods of using quantitative geomorphic data for hydrologic studies.

As a means of developing correlation methods initial studies should be devoted to a river basin

whose characteristics are already well known.
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Oncethetechniquesfor measuringindividualphysicalquantitieshavebeendeveloped,at-
temptsshouldbemadeto usethemfor estimatingtotal snowvolume,equivalentwater content,

andrate of snowmeltfor sizableareas. Theaccuracyof the dataestimatedfrom orbital meas-

urementscanbecheckedagainstgroundmeasurements.Also, someconceptcanbegainedof
the operationalproblemsof providingthe necessaryinformationfor a givenarea ona short
time scale.

3.4.4. WILDLIFEANDFISHERIESRESOURCES. High resolution photography and muRi-

spectral sensing should be obtained for selected areas used as wildlife refuges and waterfowl

breeding and wintering grounds for study by specialists in wildlife management. The assess-

ment of wildlife habitats with respect to water and vegetative cover will rely on techniques al-

ready discussed for agriculture and hydrology. The small size of lakes and ponds and other

features which must be observed may exceed available limits of resolution of muRispectral

sensing devices; hence, this factor will require special investigation.

Detection of large flocks of waterfowl or herds of caribou could first be accomplished by

visual observation, with direction from the ground. At a later stage, infrared equipment might

be used for detecting sizable groups of wildlife on the basis of thermal discrimination. During

the initial tests, the sensor would be trained manually on the known position of the group of

animals, the main objective of the tests being to determine the thermal sensitivity required

for detection.

3.4.5. GEOLOGY. There is much preliminary work to be done in the laboratory and in

the field before ORL experiments are conducted. Laboratory research should include use of

all sensing devices on representative samples of rocks and minerals in an attempt to establish

their spectral characteristics. The effects of vegetative cover over certain rock types should

also be studied in detail.

Field investigations would then be conducted. These field studies would be concentrated in

several large areas of the earth's crust whose geology has been mapped in detail. These studies

would be used to confirm any parameters established in the laboratory.

A number of field areas are suggested below for both preorbital and ORL investigation:

(1) Porphyry Coppers and Molybdenite deposits--of the Western United States. These

are arid areas with little vegetative cover.

(2) Comstock Lode-- Thermal (AT) contrasts due to hot mine waters issuing out of the

mine.
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(3) Gossan zones--Coppermine River area, and the Giant Quartz Veins, in the Northwest

Territories, and the huge sedimentary iron deposits formed by selective leaching of

silica during weathering processes in the Labrador Trough.

(4) Rocky Mtn. Front Range and Texas-Louisiana Gulf Coast--to detect faults, folds, and

hydrocarbon haloes (vegetation affected due to escaping gases with trace elements,

and their distribution along faults). These are areas of contrasting geologic settings.

Complex folding and thrust faults due to compressive stresses in the Rocky Mountains

and gravity faults due to tension stresses along the Gulf Coast.

(5) Pacific Coast--an area of active earthquakes and an active geosynclinal basin. Con-

tinuing studies would be required to make any evaluations.

(6) Sudbury Basin--rock contrasts and sulphide zones associated with a large norite in-

trusive and the subsequent basin development due to regional collapse.

(7) Lac La Ronge and Beaver lodge, Saskatchewan, and Blind River, Ontario--Uranium

rich areas to test gamma and x-ray sensors in addition to the other spectral ranges.

(8) Bushveld Igneous Complex--a huge differentiated igneous mass with bands of gabbro,

norite, and granodiorite, and associated iron and titanium oxides, and sulphide deposits

also in regional bands. Gravitational settling of constituents can be related to ionic

radii and geochemical principles.

(9) Duluth- Gabbro-- differentiated igneous mass--not as well developed as the Bushveld

Complex, but has certain similarities.

(10) Mexicomareas of active volcanoes, silver rich mineral belts, and petroleum accum-

ulations, has been probably poorly exploited since nationalization of that country's

industry. A regional geologic survey of Mexico and the relationship of any economic

deposits would be of great value to the Mexican Government.

The size of any geologic features could be grouped as follows:

(1) Regional (R). Readily detected from an ORL. These would be all features greater

than one mile in size.

(2) Intermediate (I) features are less than one mile in size, and would be readily visible

from an aircraft.

(3) Small (S) features would be less than one quarter mile in size and would be further

subdivided with appropriate subscripts as follows:

1. S1 -- 500' wide x 1000' long
2. 82 -- 100-500' wide x 1000' long

3. 83 -- 40-100' wide × 500' long

4. 84 -- 10-40' wide x 250' long

5. 85 -- 10' wide × 50-100' long
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3.4.6. AIR POLLUTION. Assuming that preliminary experiments establish that the ozone

bands can be utilized for monitoring air pollution areas, the following program could be adopted

for making specific observations on the earth's surface. Selected regions for testing would be

established over known areas of air pollution. For example, let us pick the Los Angeles area

as being one of these test sites. The ozone distribution over the Los Angeles basin would be

determined at the time of a given satellite pass. However, because there are general variations

in the lateral distribution of ozone the emission should be compared with a region somewhat

near the test site. For example, the satellite might monitor an area over the Pacific Ocean a

hundred miles west of the Los Angeles basin. The emission characteristics would then be com-

pared over these two test sites. If this experiment is done in a period of high smog in Los

Angeles there should be a significant increase in the 9.6 /_ emission in the Los Angeles area

as compared with the reference site over the ocean. Parameters which might influence pollu-

tion measurements should be examined in such an experiment; for example, some of these par-

ameters are:

(a) Comparison of cloud layers vs. clear areas

(b) Diurnal variations in the transmission characteristics over pollution areas

(c) The lateral distribution of smog, that is, the area covered on a particular day

(d) Variations of the ozone content vs. the characteristics of the aerosol (kc/kw) ratio,

or a ratio of two other spectral regions

The use of a nonpollution reference site preceding measurements over a given test region may

provide a method of comparative measurements which is not restricted to cloudless areas. In

general, clouds are somewhat transparent at the 9.6 _ region and providing both the reference

and test areas are covered with a similar cloud pattern, measurements might still be continued.

It would be expected, however, that the resolution would be somewhat reduced as compared with

cloudless areas. The comparison of proximal sites also reduces the effect of localized vari-

ations in barometric pressure which could affect the transmission characteristics.
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4

MAN'S FUNCTION IN EXPERIMENTAL PROGRAM

There can be no doubt that man has a role in the experimental progranl in orbit. His unique

abilityfor reasoning, planning, observing, judging, analyzing, correcting, adjusting, etc., are

precisely what is required for the types of feasibilitydemonstration envisioned in an ORL pro-

gram. Specifically,each sensor type requires his general attention in addition to some special-

ized function characteristic of the particular sensor configuration.

4.1. PHOTOGRAPHIC SYSTEMS

The space experiment must prepare system for observation, select target, will have to

load and reload film, record data, inspect rapid processed film and select data for telemetry.

He may have to erase or discard data to reduce storage requirements or data rates. He may

have to provide fine tracking of selected test sites. His role will evolve from operator of

instruments during initialflightto maintenance and eventually to experimenter-manipulator of

more sophisticated sensors.

4.2. MULTISPECTRAL SENSORS

Besides the routine performance of maintenance and alignment tasks, he will be required

to select filtersfor a specific experiment and to set the parametric variables to process for a

specific crop type or condition. Alternately, he will be required to monitor recording of a set

of spectral channels and later to replay data with different settings of decision variables to

determine optimum recognition probabilities.

4.3. INFRARED SENSORS

There are a number of tasks to be performed by a scientist-astronaut in the actual conduct

and calibration of the experiments and maintenance of cooler and other critical subsystems.

Section 6.4 discusses the extremely wide range of temperatures likely to be encountered along

the ground path of a polar orbit° Some regions of this ground path have local variations of 50°C,

while others are considerably less. For example, a task involving the mapping of polar ice

fields would have different gain and calibration requirements than would the mapping of ocean

currents, coastlines, or various types of vegetation. The temperature variation of the ocean

surface may be only 2° and the absolute temperature will change for each change of latitude.

For 90 minute orbits the astronaut may be required to adjust level and gain settings every 2.5

minutes until he passes over land where temperature excursion will become variable over
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many degrees centigrade. An automatic system would tend to give average data from portions

of the track and degrade other portions.

4.4. PASSIVE MICROWAVE

Man's presence aboard the ORL allows the use of advanced sensor equipment and thus

enhances system performance. Man's function in terms of a passive microwave sensing ex-

periment would include the assembly, installation, and evaluation of the system antenna(s) once

the space station was in orbit. (To obtain reasonable resolution capabilities, large antennas

are required.) Calibrating the instrumentation once the microwave system is in its space

environment, maintenace of the system detection equipment (which probably requires cooling),

and on board data selection are important functions of man in space. The data selection is

accomplished by monitoring incoming data and introducing selectivity into the data acquisition.

Of course, the maintenance of the equipment should not be minimized because the ultimate

success of the experimental program fails if the electronics that are involved fails.

4.5. RADAR

As was mentioned in the passive microwave case, man's primary function on board an

ORL in connection with the radar equipment will probably be to reduce data storage require-

ments of the system. Ithas been estimated that the on-board operator could reduce the data

rate requirements at least an order of magnitude (Ref. 19 ). Initiallypthe system antenna

will have to be assembled in space. The system will then have to be maintained and calibrated.

Probably a greater portion of the operator's time will be spent on these functions as compared

to the passive microwave systems because the radar systems are inherently more complex.

The operator of the equipment would be responsible for:

1. Equipment turn-on and check for proper operation.

2. Checking the radar returns to be sure antenna pointing is correct, correcting ifnecessary.

3. Setting proper signal level for recording.

4. Operating recording equipment, reloading film as necessary.

5. Making sure film is properly developed ifitisto be scanned for data link transmission.

6. Provide maintenance whenever possible.

7. Perform data processing for synthetic antenna radar on board ifnecessary.

As was mentioned in the passive case, man's presence will allow the use of advanced equip-

ment for system improvement and component evaluation.
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4.6. LASER ALTIMETERS

Man,s function in the operation of laser altimeter require that:

(a) The equipment is turned on when data are desired over cloudless or partially clouded

surface areas beneath the satellite

(b) The equipment is turned off when the earth's surface is occluded by large area cloud

cover.

(c) The operator must set the yaw angle of the stabilized platform to coincide with ground

track beneath the satellite. For a polar orbit this yaw angle is greatest at the equator

( _-464tan 0yaw 7255] and zero at the poles due to the satellite velocity of 7255 m/sec and\
equator velocity of 463.5 m/sec (also see Sections E.2.6 and E.3.5.4).

(d) The operator can adjust the fine pointing of the receiver aperture so as to view the

irradiated area on the water and tune for maximum returned signal on the indicator

CRT. As indicated in Section E,2.5.4 for a 200 no mile satellite_ the transmitter optical

axis must lead the receiver optical axis by 10.57 second of arc. (For changing satellite

altitude this lead angle will need changing.)

(e) The operator must record the height data with time marks so as to determine the point

on the earth's surface where the profile data was determined.

(f) The height data must be determined manually by the operator for the pulsed laser

altimeter, The comparison and estimation of the received stretched pulse waveform

is compared to transmitted pulse waveform (see Appendix Section E,3.1),

(g) The operator must set the range gate adjustment containing the expanded sweep portion

on the indicator for the pulsed laser altimeter.

(h) The height data can be taken either manually (reading a scope or meter) by the operato

or automatically recorded with time marks.

(i) Recorded data need to be returned to earth by retrieving the data from an electronic

storage device and telemetering the data to a ground station.

(j) The operator must monitor the laser altimeter systems (and adjust voltage when

necessary) to make sure that laser altimeters are operating correctly and up to their

maximum performance.
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5
ENGINEERINGANDSCIENTIFICADVANCESNEEDED

In the followingsections,someof the importantareasare discussedin whichadvances

will beneededto makespacereconnaissancefeasible.

5.1. CONTRASTIMPROVEMENT

Oneof thefactors limiting photographyof theearth is the contrast reductionof objects

becauseof atmosphericscatteringandattenuation. Thereductionin contrast is a functionof

wavelengthsothat, in generalj sensingat longerwavelengthsis recommended.However,some
of the applicationareaswherereal time multispectralsensingtechniqueswill beneededmay

haveto usewavelengthsaffectedby varyingpercentagesof attenuationandscattering. These

systemswill not focusthe energydirectly onphotographicemulsionbut rather onsemicon-
ductor transducersto obtainanelectrical analogsignaldirectly therebypermitting electronic

gainto providea moreacceptablecontrast in thedatadisplay. Suchsystemsshouldbebuilt
large enoughto operateat sufficientS/N ratios.

5.2. POINTING ACCURACY FOR SELECTED TARGETS

While the use of star photography can be used to establish the location of a given photograph

taken from orbit, the need for insuring beforehand that a predetermined point on the surface of

the earth will be photographed or scanned will become commonplace especially with the use of

high resolution sensors with only 2 ° FOV. Horizon sensor accuracy in roll and pitch axis will

have to be improved. Many application areas will require a capability to map a specified point:

damage assessment of flooded areas, mapping thermal anomalies around volcanoes, detection

of fires and knowledge of their location_ mapping of test sites for calibration and check of sen-

sor performance, etc. Man in the ORL experimental phase should be able to perform the

necessary object selection and pointing direction. But before the sensory system becomes

operational, automatic means of control from ground stations for accurate sensor look angles

will have to be developed.

5.3. DATA PROCESSING AND ANALYSIS PROCEDURES

Suppose it were decided that synoptic coverage of the Continental United States is desirable

and that the coverage is to be carried out in 1 week time. (For example, the Department of

Agriculture wants to know the total area of wheat to be harvested).
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To obtai,_ data o,_ area measurements with a 2 ft. resolution, 2 ° FOV camera system, it

will take 30 satellites, 1 week (see Sectio,_ 3.6.3). Each satellite will have traversed the

United States twice a day during daylight hours. Each traverse would be about 1500 miles

apart for the 200 mile orbit. A total of 210 transects of data across the United States would

be generated. The data would be taken at the same local sun time by proper choice of orbit

and launch time which would be chosen to minimize cloud interference. However, it may be

,mcessary to require multiple looks over each transect to guarantee clear coverage of the

ground. Thus, 1260 transects may be necessary if a factor of 6 is assumed satisfactory to

increase the probability of observing all the area free from clouds at o,m time or another. A

cloud-free mosaic of the United States would then be made from selected portions of the data.

For accurate area measurements, enlargements of a statistical sample of the high resolution

photograph would be made. This sample would have been chosen after a correlation had been

made with the data from a multispectral sensor providing crop identification. Timing signals

and position information would have been required to match coordinates between the two sets

of data.

After area measurements of sample points were conducted, appropriate co,_version to total

acreage would be made and results disseminated to proper local agencies°

It is abvious that a new era of data processing, analysis and handling will have arrived

with the use of multiple satellite reconnaissance of the earth. If the full potential of the tech-

nique is to be derived, then the advances in techniques of analysis, in the development of data

processing machinery, and in training of personnel will have to be made as soon as possible in

relation to the development of the space sensors. Data generated during the ORL experiments

should be the input to begin the development of this capability° New data about new phenomena

will be generated as well as new data forms of more familiar events; both will have to be

assimilated and diseminated.

5.4. IMPROVEMENT IN COMPONENT PERFORMANCE

5.4.1. OPTICAL SYSTEMS. There is a definite need for wide angle optical systems of

large diameter and long focal length. Improvements of spectral transmission properties of

materials will be required and upgrading of television reconnaissance systems in comparison

to the theoretical limitation of films may be necessary. See Appendix A-1 and A-2 for dis-

cussion of current state-of-the-art for films and television reconnaissance capabilities.
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5.4.2. INFRAREDDETECTORS. The current state-of-the-art of infrared detectors in-

dicates that they are not operating at their natural physical performance peak. For example,

although Ge:Hg detectors are very close to being "background-noise-limited," there is yet

much room for improvement.

For the initial experiments of the ORL, it is not deemed necessary that extensive improve-

ments in detector size, sensitivity, or stability be made. However, one area of possible concern

is that of extension of the shelf-life and useful operational life of the detectors. Otherwise,

performance of the system will be limited by calibration complexities and possible loss of

sensitivity.

5.4.3. COOLERS. Infrared coolers are a vital part of any high-resolution, high-sensitivity

infrared sensing system° As shown in Figure 1,the detectivity and resistivity of a typical detec-

tor cell depend rather strongly upon the cell temperature. Appendix B-2 contains a calculation

which indicates that the cooler must maintain a temperature stabilityup to 4 times better than

the required temperature sensitivity of the system for cell temperatures less than 25°IL

Figure 21 shows the typical performance capability of state-of-the-art "sublimation"

IR-coolers.

5.4.4. ROTATING PRISMS IN VACUUM. As indicated elsewhere, some of the rotating

members of the infrared scanning systems will be subjected to a vacuum environment. This

could entail some difficultdesign problems, especially with respect to bearings and seals.

Much work has been done in this area (Ref. 39_ 40, 41) but details will have to be worked out

in order to meet the specific needs of this application. Non-lubricated designs should be

investigated.

5.4.5. INFORMATION HANDLING RATES. Based on a 2.3° x 2.3° field of coverage, a

1/6 mr resolution element_ a 7 bit temperature resolution (see Section 6.5), and an estimated

frame rate of 10 frames per second_ the most stringent information handling capacity would be

approximately 4 × 106 bits per second for each spectral channel. The corresponding telemetry

bandwidths would depend upon the type of modulation employed. For purposes of magnetic

analog recording, the approximate bandwidth would be about 6 × 105 cps. multielement-multi-

spectral sensors will require improvement in tape recording capabilities in that there will be

a need for more channels at wider bandwidths as resolution capability increases. Figure 22

shows the expected tape consumption per orbit for a given tape speed (frequency requirement)
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and length of experiment duration. If recording of multiple-channel data in operational systems

proves necessary, then storage or resupply problems will become critical. A similar problem

with film consumption is shown in Figure 23. Wide band telemetry links for future operational

systems appears to be a prime requirement.

5.4.6. MICROWAVt_. Advances in the state-of-the-art of some of the basic radar com-

ponents (both active and passive) would aid in reducing the system requirements and improve

their capabilities for application in an ORL program. The required improvements and their

implications are discussed in the following sections.

5.4.6.1. Antenna Improvement and Development. The two most urgent needs for develop-

ment of antennas to be used in an ORL program are: 1) the development of an unfurlable 50foot

antenna with the accuracy required of the various systems, which can be fabricated in space

automatically or manually, and 2)the development and improvement of scanning techniques for

the passive microwave system. These improvements would have direct bearing on the system

capabilities in the space environment.

5.4.6.2. Development of Cooled Parametric Amplifiers for Short Wavelength Operation.

The development of cooled parametric amplifiers for short wavelengths would aid in reducing

the system power requirements for active system since it is expected that these systems would

have lower receiver noise figure than systems currently in use, and would increase the tempera-

ture sensitivity of passive systems since greater bandwidth and lower noise figures would be

obtainable. However, such amplifiers would require the use of some form of refrigeration.

For space applications this would possibly mean the developments of some new techniques

such as the use of solid refrigerants (nitrogen, etc.) or a radiation scheme employing the space

environment.

5.4.6.3. Detectivity Improvement at Millimeter Wavelengths. Detectivity improvements

and developments of some solid state materials which are sensitive in the millimeter wave-

length region would make feasible the use of multiple-element passive scan devices for space

application.

5.4.7. LASER ALTIMETERS. As it was discussed in Appendix E.2, the future (1970) FM-

CW laser altimeter requires the development of a 30 db light amplifier between the optical

system and photodetector. This light amplifier could be a neodymium CaWO 4 solid-state laser
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amplifier operating at 1.0610 g. Present laser technology has developed two types of pulse

laser optical amplifiers, the straight-through type and the feed-back type (Ref 42 and 43).

The most powerful of these laser amplifiers has given gains up to 22 db but for pulse amplifica-

tion only. It is felt that a CW laser amplifier having a gain of 30 db could be developed within

I/2 to 2 years.

5.5. PRIMARY ELECTRICAL POWER SOURCES

A prime power source is necessary input for the various equipments in the orbiting re-

search laboratory (ORL). Table XIIIis a summary of data for solar, chemical, radioisotope

and reactor prime power sources for satellites and/or space vehicles (Ref. 44 through 48).Power

output, weight, energy conversion method, operating life and operational data are given. Note

that power sources vary widely as to power produced (a few watts to 1 megawatt), operating

lifetime (up to 10 years) and weight (a few pounds to 6,000 pounds). The radioisotope types have

the most danger to man because radiation may be excessive for safe operation in or near the

ORL and may therefore require additional shielding weight. The heavier shield weight is

particularly required for the Sr 90 beta particle emitter power supplies.
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/
TABLE XHL SATELLFrE AND SPACE VEHICLE PRIME ELECTRIC POWER SYSTEMS

I

(Estimated)

Power Weight Energy Design Operational
System Output Unshtelded Conversion** Life Date

SOLAR

1. Solar Cells (N-P) 0-4 kw

2. Solar Cells (Thin film) 0-200 w
3. Solar Collector 100-500 w

4. Solar Collector 1.5-15 kw

5. Solar Collector 34 kw
6. Sunflower I 3 kw

7. Solar Binary 70 kw

CHElVIICAL

1. H202 Fuel Cell 900 w

2. LI-H 2 Fuel Cell .5-4 kw
3. Vortex MHD 50 kw

(Chem. Fuel)

4. Battery 0-2 kw

RADIOISOTOPE

1. SNAP 3 (Po 210) 3 w
2. Transit IV A and B 2.7 w

(pu238)

3. SNAP 13 (Cm 242) 12.5 w

4. SNAP 9A (Pu 238) 25 w

5. SNAP 11 (Cm 242) 25 w
6. SNAP 17 (Sr90) * 25 w

7. SNAP 19 (Pu 238) 50 w

8. COMSAT (srg0)* 150-250 w

9. Radioisotope (Ce 144) 500 w

(Cm244) 500 w

REACTOR

1. SNAP 10A 550 w

2. SNAP 9 3 kw

3. SNAP 8 35 kw

4. •SNAP 8 A 60 kw

5. STAR-R 70 kw
6. START 60 kw

7. SPUR (LMCM-2) 300 kw
8. TI REACTOR 300 kw

9. DCR-300 300 kw

10. SNAP 50 300 kw-lMw

~4 w/lb (max) PV 10-20 yr 1957

1-2 w/lb PV 10 yr 1965

5 w/lb TI 1 yr --
5 w/Ib ThE 1-2 yr 1963

2800 Ib ThE I0,000 hr --

700 Ib ThE 1 yr --
1800 Ib TbE I yr --

83 lb TE 1000 hr 1964

127 lb TE 1 yr --

293 (incl. fuel) MHD 60 min --

1.5-100 w/lb EC 1 day

4 lb TE 3 mo 1960

4.6 lb TE 5 yr 1961

4 lb TI 3 mo 1965

27 lb TE 5 yr 1963
30 Ib TE 3 mo 1965

28 lb TE 5 yr Study
48 lb TE 5 yr 1965

1+ w/lb TE 20 yr 1965

<300 lb TI 1 yr Study

<200 lb TI >1 yr 1967

935 lb TE 8750 hr 1964

1470 lb TbE 8750 hr 1966

6125 lb TbE 10,000 hr 1966

(35 lb/kw)
2700 lb TbE 5-10 yr 1967-68

1400 lb TI 1 yr Study

1000 lb TI 1 yr Stu_iy

2800 lb TbE 10,000 hr Study

1200 lb TI 1 yr Study

1900 lb TI 1 yr Study

6000 lb TbE 5-10 yr 1970

(20 lb/kw)

This is a beta emitter and requires the greatest shielding (a 160-w energy converter needs 80 lb

of uranium for shielding).

PV = Photovoltaic

TI = Thermionic (11-15% efficient)

TE = Thermoelectric (4-6_ efficient)
TbE = Turboelectric

MHD = Magnetohydrodynamic

EC = Electrochemical

W = watts
kw = kilowatts

SNAP = Systems for Nuclear Auxiliary Power

LMCM = Liquid Metal Cooled Demonstration
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6

LIMITATIONS IN SPACE RECONNAISSANCE OF EARTH

6.1. LIMITATIONS ON FOV, CONTRAST AND RESOLUTION BECAUSE OF ATMOSPHERE

Contrast and resolution of a photographic image are closely related--resolution has no

meaning without contrast but contrast is present with low resolution.

The principle contrast degrading factors of the optical path between the source and the

sensor in satellite photography of the earth are atmospheric scattering, turbulence, and bending

of the light rays due to the non-uniformity of the index of refraction of the atmosphere. The

cause of these factors cannot be removed; the only way to reduce the limitations or contrast is

to reduce the effect of these limitations on the photographic image. The two types of scattering,

Rayleigh and Mie, due to air constituents and particles in the air, can be minimized by selecting

certain wavelength regions where the effects are less or by operating sensors with small total

angular FOV. The variation of atmospheric transmission attenuation with propagation angle

and wavelength may not allow wide-angle multispectral sensing because the effect of this varia-

tion of transmission would be the same as color-sensitive lens vignetting. Monochromatic

vignetting could be corrected but panchromatic vignetting would be difficultto correct.

Concerning turbulence affecting resolution or the "shimmer" of an object viewed through

the atmosphere, most researchers discuss the effect visible by the eye or recorded with time

exposures as used in astronomy. If short exposures on fast film were used, the effect of tur-

bulence may be minimized. More investigation is needed here. Of course, with existing film,

graininess becomes a problem. It is known that films have higher resolving powers at lesser

exposure which is in the proper direction for lessening the effect of turbulence. Another

consideration here, though, is that the net exposure due to an image formed through haze may

be treated as the superposition of two images, one of only target image forming light plus a

uniform "haze" image. This "haze" image increases the fog level on film and makes low

exposures impractical.

The bending of light rays due to the variations of the index of refraction of the atmosphere

cannot be avoided. Itis a staticproperty of the atmosphere. Ifall rays that entered the career;

objective were bent equally, no difficultywould result. To decrease the effect of atmospheric

bending, narrow fieldof view cameras would be best since there would be more chance of the

index of refraction being constant over the small angle. However, one reference (49) states

that this staticbending of light rays due to differences in the index of refraction is negligible.

I00



6.2. CLOUD COVER

The objective of photographing large areas of the earth's land surface from an orbiting

space vehicle raises the problem of obscuration of targets by overlying clouds. What are the

probabilities that terrain targets will be visible to cameras on board an orbiting vehicle? How

frequently do clouds obscure the earth's surface ? What can be done in the space vehicle to

enhance the camera's chances of photographing terrain in spite of the presence of clouds ?

Certain general knowledge can be drawn on which relates cloud cover to visibility of the

earth's surface. It has frequently been estimated that somewhere between 1/2 and 2//3 of the

earth's surface is obscured by clouds at any time. The fraction is variablep depending upon

the observer, the season, etc. Lt. Cooper, for example, observed that clouds obscured all of

the earth's surface as he passed over northern Africa and Pakistan on the Mercury IX flight

(Ref. 5O ).

Cloud frequency maps such as those in Reference 51 show by means of cloud-cover isopleths

that cloud cover is not very uniform over the earth's surface. R is least over deserts and high

arid regions. R is greatest generally over the North Atlantic and North Pacific Oceansj and

typically low near the equator belw 10 ° and 20 ° latitude. The east coasts of continents axe

generally the most densely clouded, and coastal lines are generally cloudier than other areas.

The air masses over the GuLf Stream and the Japanese Current are generally cloud-laden. A

small region of clouds is also expected wherever air moves regularly off water onto land and

again when this air moves onto high land or over mountains. Cloud cover over the oceans is

rather consistent through the year, and is somewhat greater in winter than is summer. Cold

air masses traveling out of the arctic areas onto the warm oceans become quite laden with

clouds. Cloud cover over land masses is generally least in the winter, since land masses do

not stay warm as do the oceans, hence do not furnish the air with water vapor.

The cloud cover over most land masses is typically cumulus, with mixtures of towering

cumulus and cumulonimbus. Three classes axe defined in the International definition of clouds_

and a total of 4 conditions result:

0 - Clear - no clouds present.

CL1 - Cumulus with little vertical extent, or ragged cumulus other than of bad weather.

CL2 - Cumulus with moderate or great vertical extent are present. Length and width of

cloud elements is similar to CL1.

CL3 - Cumulonimbus or thunderstorms axe present. These may be mature thunderstorms

or not yet fully developed ones.
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It should be noted that CL2 and CL3 require only that these clouds be present among the

smaller cumulus clouds which have not developed vertically. All three classes may be present

in a region of CL3, for instance. The development of a CL1 region of clouds to a class CL2 in-

volves the vertical development of some small cumulus into towering cumulus_ without much

increase in their length orwidth. As the CL2 region develops further into a class CL3 regionj

the towering cumulus develop in horizontal dimensions quite markedly. Therefore, there is not

a simple relationship between area and thickness in the growth of a cloud. It will be seen later

that the International cloud description can be used as a basis for predicting the size of clear

intercloud spaces available for photographing terrain of a region.

A pronounced diurnal variation in amount and in class of cloud cover exists over all the

United States, and presumably over most of the earth's land area. The morning sky_ shortly

after sunrise, has a strong probability of being clear. This condition is surprisingly stable and

normally persists until after mid-morning or almost until noon. Typically, cloud cover of class

CL1 appears in later morning, develops gradually to CL2 by an hour or so after noon, and pro-

ceeds to develop during the remainder of the afternoon to class CL3 cover containing thunder-

storm clouds. This type of cloud cover prevails during the later afternoon and evening gradually

clearing away during the night (See Ref. 52 and 53 ).

The above observations are only generalizations on the clouds vs. visibility problem. Two

general approaches can be taken toward a solution of the problem: 1) Attempts can be made to

avoid the presence of clouds. 2) Techniques can be sought to look through, or around the clouds,

or to process the data to fill in gaps brought about by obscuration. From the above information

it would appear that for land area targets, the first approach of avoiding the clouds can be

applied in a limited way. The desired area can be overpassed shortly after sunrise. This

utilizes the tendency toward clear air of this time of day. It is recognized_ however, that too

soon after sunrise may be unsatisfactory because of early haze in many areas. Photography,

however, should be easier through haze than through clouds. Multiple orbits should be possible

between sunrise and late morning, and at this time the clouds present should have their mini-

mum horizontal extent.

The second approach_ that of photographing terrain through or around clouds_ can also

find limited application. Photographyp using visible or infrared energy_ through cloud cover

has no present hope of success, due mainly to the nearly perfect scattering of light of these

wavelengths by water particles of clouds. However, by viewing at an angle from the vertical_

it is possible to see under and around clouds, which leads to some gain in area visible under

partial cloud conditions. The cameras described in Section 3 to obtain photography at scale of
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1:800,000 and 1:2,400,000 would have a field of view of 28.1 ° and 73.7 ° respectively. These

would be large enough to permit an appreciable gain in area covered if several photographs

are taken of a general area to obtain different angles of view for every terrain element in the

area.

The problem here is, how small must a cloud element be for this procedure to be success-

ful ? The width, length and thickness of clouds, their height above the terrain, as well as the

length and width of intercloud spaces all are involved in determining whether or not the entire

underlying terrain can be seen or photographed. The altitude of the space platform does not

have much influence in this consideration, because it is so much greater than the height of the

cloud tops, and because the average open intercloud space subtends such a small angle at the

camera (1 mi. at 200 mi. subtends an angle less than 1/3 degree. One condition for visibility

of terrain under clouds is that the width of a cloud should not be greater than the length of the

space between two clouds. A second condition is that the ratio of cloud width to cloud altitude

be less than the tangent of half the camera's field of view. Figure 24 illustrates these require-

ments. A third condition is that the terrain be outside of the shadow of a cloud cast by the sun.

The blue sky light which illuminates such shadowed areas is so strongly scattered and attenu-

ated by atmosphere that it may be useless for photography from satellite altitudes (Ref. 52_

53, and 54).

Blackmer, Serebreny and Alder photographed a strip 200 mi wide between Cocoa Beach,

Florida and Edwards AFB, California on three occasions. June, July, and August 1962, from

a U-2 aircraft flying at 50,000 ft. They divided these strips into regions of CL1, CL2, or CL3

or clear cloud cover, and for each class they found the range of cloud lengths, widths, thicknesses,

and cloud spacings. These are considered quite typical for cloud cover over most land areas of

earth. This information can be combined with Weather Bureau estimates of percent cloud

cover, and cloud type, to yield the size of the average clear area between clouds for this type,

and degree of cover. A further analysis allows us to estimate the probable maximum angle of

view at which all terrain can be seen underneath a given type and degree of cloud cover.

This analysis leads to the conclusion that even with 3/10 cloud cover, all terrain can be

photographed in a strip 50 miles wide on each side of the satellite's trace. A 4/10 cloud cover

allows 93_ of the terrain to be photographed in a strip 30 miles wide each side of the sateUite's

trace. A 6/10 cloud cover (class CL2) allows 80_ of a strip 16 miles wide each side of the

satellite to be photographed. These percentages assume a very large number of photographs

(many viewing angles). In the practical case where the camera takes, say, only 3 photographs
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of any given area on a single pass, these percentages are slightly too high, but still represent

the situation reasonably well. Of course, the low visibility of details in shadows may reduce

the above percentages appreciably. More intensive cloud cover would allow considerably

poorer results because of the much greater probability of thunderstorms being present (CL3)

whose tops are often found at 50,000 feet of more, and which would permit only viewing angles

near 90 ° .

In summary, ithas been shown that the chances of satellRe-based photography of all ter-

rain in a given region of interest can be enhanced by correct timing of the flightover the area,

and by viewing the area from several different angles to view around obstructing patterns of

small clouds.

where

6.3. NEED FOR MULTIPLE SATELLITES

One of the future considerations for space reconnaissance of the earth is the optimum

trade-off among number of satellites, length of time allowed for mapping of the area of interest,

frequency of repetition, scale, and resolution.

In practice, many of the application areas will not require operational systems that provide

total-earth's-surface coverage on a daily basis. Crop types and area determinations will entail

weekly and seasonal coverage, while geographical and geological observations needed to be

covered only once or at long intervals.

Meteorological observations, on the other hand, bring about a need for daily coverage.

Sea surface temperature, damage surveillance, and other dynamic-process observations must

be carried out in a rapid sequence in order to be meaningful.

Fortunately, the high-resolution applications require the most infrequent coverage, whereas

the low-resolution situations require the most frequent observations. This means that satis-

factory results in some areas of concern can be obtained with a minimum number of satellites.

The following equations are needed for analyzing the coverage requirements:

a < _w

W

- 12hS

- Total Scan Angle (Radians)

_ Resolution Angle (Radians)
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and

h = Orbital Altitude (Ft.)

- Film Resolution (Lines/inch)

S =--Photographic Scale (=Magnification)

w - Film Width (Inches).

It is apparent that both inequalities must be satisfied--the first because the film resolu-

tion must not limit the systems and the second because the scale must be suitable for photo-

graphic interpretation.

Limiting the film width to 9 inches, and selecting _ = 2500 lines/inch as a typical case, the

equations yield (with/3 > 0.1 mrad):

< 2.25 rad (=130 °)

0.04 tad. (-2.1 °) (S = 1 -- 60,000)*
Or<

- 0.5 rad (=28 °) (S = 1 -- 800,000)**

Therefore, the limitation on the coverage will be the scale. At a scale of 1 -- 8009000, 14 satel-

lites could provide daily coverage of the entire continental U. S. At the higher scales, however,

total coverage would be limited to weekly and even monthly intervals. For example, the time

required for mapping the continental United States is shown in Figure 25 with the angle of

coverage as a parameter.

It is first assumed that a satellite is in a polar orbit with a nominal altitude of 200 nautical

miles and period of 90 minutes. The exact period and hence altitude must be adjusted to meet

track-to-track displacement requirements, which will depend on the field of view, desired

overlap, etc., as well as the satellite life requirement. Thus the exact period and altitude will

differ from those given above, but the answers obtained using these values will still be reason-

able approximations.

The entire continental United States is contained within the bounds of longitudes 67 ° and

127°W. and latitudes 25 ° to 49°N. In order to map this area with the minimum possible overlap,

the ground swaths will be just contiguous at the widest point, namely at 25ON. latitude with

overlap occurring and increasing north from that line. If the field of view of the mapping in-

strument is W miles wide at the ground normal to the satellite ground track, the minimum num-

ber of passes required for complete coverage will be

Corresponds to high-resolution case.
**

Corresponds to low-resolution case.
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1 125 - 67 3650
N =_----3-60-----x25,000 x cos 25° - W

If a single satellite is used and its period adjusted so that its track is displaced exactly W

miles at 25°N. latitude every day, then over the period of time required to completely cover

the area given above, the number of passes per day which the satellite will make over this

area will vary between two and three. In order to determine the number of days required to

complete the coverage, it should be first noted that for a 90 minute period, the displacement

between successive tracks will be

90/60 _ano
D = _ .... 22.5 °

in longitude. At 25°N. latitude this corresponds to a distance

22.5
d =3---_-× 25,000 x cos 25 ° = 1,416 miles

It may be seen that if the ground track is displaced W miles every day, then in

1416
n -

W

days, the entire distance between successive orbits will have been covered for all latitudes

above 25°N. Thus, after n days, and not before then, the entire area of interest, namely the

continent of the United States, will have been completely covered. Other satellite tracks

where the day-to-day displacement is greater than W may also be used to cover the same area

in the same time, but these displacements must be carefully chosen to obtain complete coverage

in n days. If more than one satellite is used, n becomes the minimum number of satellite-days.

That is, for k satellites, the minimum number of days is

n

n' = E days

For a field of coverage of (_ degrees normal to the ground track,

W =2 x200xtan_miles

Thus the minimum time required for complete coverage of the continental United States will

be

1416 3.54
n' - - days

400 tan_k ktan_-
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Where redundancy by a factor of m is desired to increase the probability of viewing a given

point on ground uncovered by clouds 9 then the number of days required becomes mn'.

6.4. DYNAMIC RANGE OF SIGNALS

6.4.1. INFRARED. Experiments conducted by the U. S. Air Force (using bar-patterns near

threshold of modulation) have demonstrated that, under suitable conditions, the human eye is

capable of distinguishing among 128 different density levels in the linear range of ordinary

photographic films. Although the figure cited may differ from the results obtained by other

researchers, it corresponds quite closely with the 7-bit signals* utilized in the monitor systems

at commercial television stations.

If the sensing device has a noise-equivalent-temperature sensitivity of 0. l°K, then a 7-bit

range will handle 12.8°K. Similarly 9 if the NET is 0.5°K or 1.0°K, the range will be 64°K or

128°K.

Utilizing only 5 bits of information per resolution element, the corresponding dynamic ranges

are 3.2°K, 16°K, and 32°K respectively.

Figure 26 illustrates the relationship between NET, the number of bits per element, and

the dynamic temperature range.

Unfortunately, an extremely wide range of temperatures can be expected along the ground

path of a polar orbit. An example of this variation is shown in Figure 27 for an orbit along the

Greenwich meridian and the international date line. Temperatures from -50°C to +70OC are

possible. Naturally, such a wide variation could not be expected within a single frame. How-

ever, cracking ice in polar regions could easily produce local variations of 50 ° . If temperature

readings to the nearest 0.5 ° are required for such tasks as ice thickness mapping, then 100

temperature levels, or a 7 bit range would be needed. Possibly 6 or 5 bit capacities could be

used for regions with smaller local variations, such as those shown (for a typical June day) in

Figure 28.

6.4.2. RADAR. The dynamic range of the return signals of the various radar system that

have been discussed depends on the system resolution, the expected spatial extent of the various

targets, and the backscatter coefficients of the targets of interest. Shown in Figure 29 is the

* 27i.e._ = 128 signal levels.
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dynamicrangein backscattercoefficientsfor a fewtargets that maybeof interest. For a

highresolutionsystemsuchasthe proposedcoherentor syntheticapertureradar whosere-
solvableelementsize is on the sameorder asthat of the smallesttargets (i.e., roadsfor the
targets shown)thenthe signaldynamicrangewill beonthe sameorder asthe dynamicrange

of the targetbackscattercoefficients(in this caseof the targets shownin Figure 29 the signal

dynamic range would be on the order of 30 db). It appears that the dynamic range requirements

of the system can be made smaller than this if the area to be monitored does not include targets

which have backscatter coefficients representative of the extremes. If this is the case, the

dynamic range of the equipment may be set by an on-board observer to meet the requirements

of the targets to be monitored.

The dynamic range requirements for the noncoherent radar system, because of its poorer

resolution capabilities, will in general be less than that for the coherent radar system. Only in

those areas such as large cities where the presence of road like surfaces predominate does it

seem likely that the dynamic range requirements for the noncoherent system will have to be

greater than 15 to 20 db.
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AppendixA.1
PHOTOGRAPHIC EMULSION AND PHOTOCATHODE RESOLUTION VS. SENSITIVITY

A. 1.1. INTRODUCTION

An attempt was made to determine the limits on sensitivity and resolution for various

photographic materials. One conclusion becomes immediately apparent; the resolving power

varies at least as much with the method of measurement as it does with the choice of material.

The same emulsion may vary by a factor of 2 or 3 according to what measurement method was

used. For this reason a theoretical approach was employed for this investigation which

attempts to establish ultimate limits on the resolving power of photographic emulsions.

A.1.2. GENERAL

Present high-speed emulsions require approximately 10 to 20 photons to make a silver

halide crystal developable, a few crystals might require as low as 4 photons (Ref. 55 ). For

exposure to fast electron beams up to approximately 100 silver halide crystals can be made

developable for each primary incident electron, depending on its incident energy. On a macro-

scopic level this corresponds to approximately 108 photons/cm 2 or some 106 electrons/cm 2

(in the 10 to 100 kV range) in order to obtain a visible record on high speed film. There is

little hope that these figures can be changed drastically for both photon and electron exposures

of silver halide systems. Other photographic systems now under investigation do not give

much promise of extending these limitations.

A.1.3. FACTORS DETERMINING RESOLUTION IN PHOTOGRAPHIC FILMS

In instances where small scale or microdetails are of interest, the standard characteristic

curves for photographic films are of little help since they are determined by measuring the

densities of large, uniformly exposed areas. When a point of light is imaged on a film, the

intensity extends over a finite area, called the spread function, and causes a contrast reduction.

An increasing loss of contrast is experienced as an image becomes smaller.

Another factor influencing the quality of detail rendition is the glanular structure of the

developed image. The photographic image is made up of silver grains which are somewhat

randomly distributed over the image area. The granular structure results in density fluctua-

tions about a normal value. The resolving power of a film is inversely related to its granularity.

A third cause of image degradation is revealed when we examine the statistical nature of

incident photons. It can be assumed that the number of photons incident on a given m,bject area
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in a fixed time follows a Poisson distribution. If _I photons are incident on one subject area

_2 photons are incident on an equivalent area then there must exist a minimum A_t = _t2 - _tI such

that a contrast difference is just detectable. The ratio A_//Z, where _ is the variance of the

Poisson distribution, is termed the "signal contrast."

A.I.3.1. LIMITATIONS IMPOSED BY QUANTUM EFFICIENCIES. If_ = _/a where V is

the number of photons per unit area for a small square area a of side length s, the resolving

power can be expressed as

I/S = (Y772)I/2 Ap

K

where 772is the "detective quantum efficiency_'(Ref. 56 of the film relative to an ideal film

whose only source of noise is the statisticalnature of the incident photons. The peak value of

2 2
7? which can only be reached ifno exposure latitude is permitted is W = 0.01. Allowing an

exposure latitude of I00:i lowers the quantum efficiency to 772= 0.004. A quantum efficiency

of 10_ has been assumed for photocathodes.

The ASA exposure index S
x

is related to the number of photons by the conversion

5 x i0"
y = _ (photons/mm)

x

This formula gives the number of photons _ having a wavelength _ = 555 m_ for an equal energy

spectrum of the illuminant. A film latitude of 100:1 has been assumed.

The theoretical limits shown in Fig. 30 represent only that limitation imposed on the

resolving power of detectors by the quantum-statistical nature of the impinging illumination°

The actual figures for high-speed films are lower because of the spread function and the

granularity. Image spread and granularity will be more prevalent as limiting factors of resolu-

tion as the film sensitivity is lowered and the quantum-statistical nature of the incident photons

becomes less significant.

A.1.3.2. DERIVATION OF CURVE. Data for the curves relating resolution to ASA exposure

index for the image orthicons and Royal X Pan film was obtained from Ref. 57 and 58. It

was necessary to convert the authors' abscissa, film illumination foot candles, to an equivalent

ASA number. An equal energy spectrum was assumed and the ASA index was determined by

solving for the number of incident photons/ram at a wavelength X = 556 my.
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Appendix A.2
TELEVISION SYSTEMS FOR RECONNAISSANCE

The most critical limitation of television systems used in aerial reconnaissance is the

limited resolution they provide. The standard TV system resolution is about 340 lines vertical

and 600 lines horizontal tn the center of the picture, decreasing to 400 in the corners. Efforts

to improve system resolution are usually directed at improving the camera tube resolution

since other technical difficulties can usually be overcome if one is willing to accept increases

in power and bandwidth requirements.

The resolution performance of a television camera tube is determined by the cascaded

performance of a number of stages, each of which can be considered as an optical low-pass filter.

One limiting component which is common to both orthicon and vidicon camera tubes is the

aperture presented by the scanning electron beam. Broad electron velocity distribution impairs

resolution. RCA Astro-Electronics Division has experimented with the smoothing of the oxide

cathode layer (Ref. 59). This smoothing produces a more uniform electron emission density.

This process has doubled the intrinsic resolution capability of standard image orthicons. RCA

has measured the equivalent passband for the modified electron guns at 2,200 TV lines/inch.

Livingston (Ref. 60) has performed investigations to determine what the system specifi-

cations should be in order to obtain the highest possible resolution from an image orthicon.

The TV camera was not studied alone but only as one link in the complete camera-recording

chain. However, his results indicate that when all system parameters were optimized the

limiting resolution was determined primarily by the interelement capacitive coupling at the

target of the image orthicon. A resolution of 900 TV lines at 50% amplitude response was ob-

tained for a 3 inch tube while the limiting resolution was 3000 lines.

The image orthicon, although capable of somewhat higher resolution than the vidicon under

normal operation, is bulky, complex, and high in cost. The 1 inch vidicon, however, is capable

of a limiting resolution of only about 700 lines in the center decreasing to 400 lines at the

corners. Pourclau, Altman, and Washburn (Ref. 61 ) have improved the vidicon resolution

considerably by doubling the magnetic deflection field. A limiting resolution of better than

1200 lines has been achieved.

A 1 1/2 in. diameter vidicon designed specifically for high resolution television systems

by RCA Electron Tube Division has a claimed limiting resolution of 1200 lines or better at the

picture center (Ref. 62). The resolution at 50_ amplitude response for this tube, the 8051,

is 500 TV lines. Sensitivity is 1 footcandle of illumination at the tube face for a signal current

of .8 p. amps.
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Themoresensitivepickuptubesare the imageorthicons and image-intensifier orthicons.

Because of their high sensitivity they can frequently be used to provide brightness amplification

in low-light-level photographic recording. Below levels of illumination of 0.001 foot-candles,

television systems show definite advantages in resolution capability compared with photographic

films. Above 0.01 foot-candles, films are definitely superior. Neuhauser (Ref. 63) has

rated the Z5294 tube with an ASA exposure index of approximately 160,000. This same tube

is capable of resolving 700 lines with the illumination supplied by a half moon zenith (Ref. 58)

assuming a 10_ object reflectance and an f 1.0 lens.

An image orthicon operating at low levels of illumination has an effective shutter speed of

1/30 sec when operated as an electronic shutter.

One of the most promising directions for the improvement of sensitivity of image converter

tubes is the incorporation of fiber optic windows at one or both ends of the tube (Ref. 64).

When a copying camera employing a photographic emulsion is used to photograph an electron

image on a fluorescent screen, the light transmitted to the image is only about l_c of the light

leaving the screen. If an electron tube is fitted with a fiber optics window to support the phosphor,

about 50_f of the light from the phosphor is transmitted to the image. Fiber bundles made with

.0006 in. fibers have a resolving power of about 600 TV lines which is about the same as that of

a standard TV system (Ref. 65).

The best limiting resolution one can expect from conventional television reconnaissance

systems today is about 1000 TV lines. The information capacity of the conventional system is

limited because the optical system images an entire scene on the orthicon tube face at one time.

Fiber optics may be employed as a shape transducer to divide a single long scanning line into

many TV scanning lines on the photocathode. This effectively lengthens the scan line for the

image orthlcon. The fiber optics_ for example, might scramble one long scan line of the image

into 40 scan lines on the camera, the camera thus imaging 25 long scan lines of the scene at

one exposure. Assuming a frame rate of 30 frames/se% a rectangular picture 40,000 × 40_000

elements could be completely imaged in 1.3 sec.

119



Appendix B
OPTICAL- MECHANICAL SCANNERS

A comprehensive discussion of the design and performance characteristics of optical-

mechanical scanner systems is given in Ref. 66. In Section B.1 of this appendix, an analysis

is given leading to the development of curves showing the relationship between noise-equivalent

temperature differences of infraed sensors and the instantaneous field of view or ground resolu-

tion. These trade-off curves permit the study of system trade-off relationships between desired

temperature sensitivity and acceptable ground resolution. The effects on system performance

of changes in detector temperatures and variation in v/h are discussed in Sections B.2 and B.3,

respectively. Finally, general specifications of an infrared or similarly a multispectral scanner

to be used in space experiments are discussed in Section B.4.

S. 1.

type optical system.

/3, as follows:

INFRARED SENSOR CAPABILITY

The infrared detector is, as a general rule, situated near the focal point of an imaging-

Infrared radiation captured by the detector is contained within an angle,

fl = d/F (1)

where d is a linear dimension of the detector and F is the focal length* of the collecting optics.

The instantaneous field of view, G, of the detector system will be:

G = h/3 (2)

where h is the distance to the object being viewed by the system. In terms of the magnifica-

tion, M, of the system, the instantaneous field of view is:

G = d/M = d(h/F) (3)

(The quantity M is also known as the "scale" in photographic work.)

In a scanning system, one may consider the image of the target as being swept across an

aperture (the detector sensitive area). The information which is contained in the image is

filtered spatially by this aperture. Considering the detector as a spatial filter, the "first zero"

of the filter, f0' may be taken as indicative of the required frequency bandpass for the system.

This is given by:

*Actually, this is only an approximation. In the usual optical terms, F would be called the

"image distance" of the object. In general, however, the image distance is very nearly equal
to the focal length in infrared systems.
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Nomenclature

= Angular Resolution

T=

Ad =

C 1, C 2 =

D=

D* =

d=

E=

f=

F=

G=

h=

m=

M=

n=

r=

s/N

T

V

W

Emissivity

Frame- Rate

Time-Constant (or Transmissivity)

Angular Velocity

Area of Detector

Constants

Collecting Aperture Diameter

Detectivity of Detector

Detector Diameter (or width)

Blackbody Function

Frequency

Focal Length of Detector Optics

Instantaneous Field of View (Ground Patch)

Distance to Target

No. of Detector Elements, Linearly Arrayed

Optical Magnification (image distance ÷ object distance)

Scans/Revolution

Rotation R_e

= Signal-to-Noise Ratio

= Target (or background) Temperature

= Velocity of Vehicle

= Radiative Flux Density
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w (4)
f0 = 2/3

where co is the rate of rotation of the image plane about the center of the optical system.

The rotation rate w is related linearly to the scanning mirror rotation rate, r, as follows:

a) If the rotation axis is along the optical axis:

w = 2_r

b) If the rotation axis is normal to the optical axis:

w = 4yr

Both of these conditions can be expressed by the single equation:

co = 2rrr + rF

Thus, f0 becomes:

f0 = + rF

If no processing is to be done on the resultant signal, the maximum frequency which must

be passed by the system usually can be chosen as f0" This places limitations on the time-

constant, T, of the detector. From basic Fourieranalysis, this relationship is:

1 _ (7)T<-- -

- 2_fo - 2x2r FI+ l_"× _ I

k

The limitations on r are set by the requirement for complete coverage of the target (i.e.,

contiguity of adjacent scan-lines). If the scanner is carried in a vehicle moving at a velocity

v and at a distance h from the target, the apparent angular rotation rate of the target with

respect to the vehicle is v/h. If the scanner provides n scans per revolution, and if there are

m lines of information per scan (e.g., because of an m-element linear array of detectors), then

the following relationship must hold for contiguity:

/_mnr = v/h (8)

Often, through the use of nodding mirrors or slowly rotating auxiliary prisms, it is possible

to modify the apparent angular motion of the target as follows:

/3mnr = v/h + 47rrA (9)
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where r A is the rotation rate of the auxiliary mirror. If the auxiliary mirror is an nA-sided

prism, the frame-rate will be:

qb = nAr A

One of the primary performance criteria is the sensitivity of the system to small changes

in target temperature. The signal-to-noise ratio produced by a temperature difference AT is:

T + AT) - "Wk(A, T)] (lO)

where

TAd 2

W_. - 4(F/D_eXEx(X, T) (11)

* is proportional to X up to X andFor the typical quantum detector (cut-off wavelength kc) , D X c

zero for ), > ), :
c

D*kck
D* - (X < )tc) (12)

k k ;
c

The blackbody function of equation (11) may be approximated by Wien's law for _, < 14 _,

T < 300°K:

-C2/kT

Cle

EA.(_., T) = k5 (13)

For AT << T, the Taylor's expansion of (13) gives:

E_(_., T + AT)- E_.(_., T)_/-_//_ - Ek(_ , T) (14)

Substituting (11), (12), and (14) into (10), the signal-to-noise equation becomes:

, C2 AT d2 k2
Dk )t T IT) 2 T_exEx(_'

S/N= c(7_7) -- 4(F/D) __ 1 T)dk
(15)

If the wavelength region is one in which TXek does not vary significantly, the integral in

Equation (15) may be written as:
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_-_[E(_2,T) - E(_I, T)] (16)

where

is:

Considering A d

E(X, T) = f E_(X, T)d_ (17)
0

= d 2 and Af = f0' with S/N = 1, the "noise-equivalent temperature difference"

N.E.T. 4Fvr_ Th3/2G-3/2- (18)

, 2 2__

D _c D TeIE(h2, T)- E(_I, W)]

Note that (dh/F) = G, which is the instantaneous field of view (sometimes called the "ground

patch") for the system. Using equation (18), it is possible to plot N.E.T. vs. G, with

(D*Xc_ 2

K = k-_c-/D [E(_2, T)- E(hl, T)]
(19)

as a parameter, and the fixed quantity

4vr_ T2h3/2
k - (20)

C2V_-

(c.f. Figure 31.)

B.2. APPARENT SIGNAL CHANGE DUE TO CHANGE IN DETECTOR TEMPERATURE

In an infrared sensing device, the fractional change in signal level due to a change in tar-

get temperature is given by:

-r

A similar change in signal level may be produced by varying D*:

AS AD*

S D*

With a detector which behaves differently at different cell temperatures, D* may vary as

follows:

124



}l it it

ip-I_

0

o

o

o

o

._ 0 _

o

o
v-g

v--I

o

(_o) ±,_N

o

0

0

I,,,,,I

v

1.0
o

o

o

0

_[--,

O_

o

0
I,,,,I

12,5



aD*
AD* = -_-_---_T c

c

where T is the cell temperature.
C

Combining the above relationships, it is possible to ascertain the signal-level stability as

a function of cell temperature as follows:

AT AT T aD*

AT c c 2 D* aT

This function is plotted in Figure 32 for the detector which behaves as that in Figure 1.

At a cell temperature of 25OK, it is seen from the figure that the variation in signal level

will look the same as that for a variation in target temperature equal to 4 times the variation

in cell temperature. Thus, the cell temperature must be maintained to within + 0.025°K be-

tween calibrations to maintain a + 0.1°K temperature level stability.

B.3. VARIABILITY OF v/h

One of the important parameters in any aerial reconnaissance mission is the apparent

angular rotation rate of the target area with respect to the surveillance instrument (camera or

scanner). This rate is equal to the ratio of the relative normal velocity to the distance between

target and instrument (i.e., v/h).

In the case of a satellite-borne device, the ratio of v to h will depend upon the orbit eccen-

tricity and upon the decay of the orbit as a function of time. For nearly circular orbits, v/h

does not change significantly. However, as the orbit decays, the altitude decreases and the

velocity increases, thus causing v/h to grow quite rapidly. For the predicted orbit (i.e.,

Figure 33 the variation of v/h is shown in Figure 34 For a circular orbit at 200 n. mis.

altitude, v/h is equal to 0.021.

B.4. GENERAL SPECIFICATION OF AN INFRARED OR MULTISPECTRAL SCANNER FOR

SPACE APPLICATION

The trade off between two systems, one airborne and one spaceborne will be outlined in

this section. It is assumed that the spaceborne system will require a S/N ratio as good as, if

not better than, a scanner system operated at, for example, 1000 ft. It is further assumed that

detectors of the same size are employed in both systems, (If it is postulated that smaller de-

tectors could be used in space, then we could also use them at lower altitudes to obtain cor-

respondingly better performance). Then based on the S/N relationship for scanners and v/h

requirements derived in Ref. 66, a ratio of trade-off parameters of the space system (sym-
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FIGURE 32.
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bols labeled with suffix two) to the airborne system (symbols labeled with suffix one) is given

below

Equation (i)--
CvJh 1

where a = instantaneous angular field of view

A = area of the collecting aperture

vJh = velocity to height ratio

= total angular field of view

= number of detectors in a linear array oriented in the direction of flight.

This equation holds only for extended objects which fill the instantaneous field of view.

For our purposes here the same detectors are used in both systems and the choice of wave-

length intervals is adjusted so that the loss due to increased path length for the space system

is accommodated by sensing in a wider spectral band. This loss of signal could also be adjusted

for by an increase in collecting diameter, thereby leaving the spectral intervals the same. How-

ever, the comparison between the two systems becomes unnecessarily complicated by employing

the second scheme, since only general trade-offs are to be investigated here.

Case I. Space borne system to retain same instantaneous angular field of view: a2 = el

(a 2 mr IFOV would give 2400 ft. ground resolution at 200 nm). Other characteristics postulated

for the airborne system to obtain usable S/N ratio would be such that

(v/h) 1 = 6(v/h) 2

and we will also assume that

_1=i

01 = 180 °

?/

A 1 =_-_ sq. ft.

Therefore, by substitution into Equation 1

A22t 2 +A12

02 601
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But if

Then

01 = 02 and t 2 = 1

A 2 = _-6AI = ~.4A I

Thus, for the assumption of equal angular resolution 9 the space borne system requires a

smaller collection diameter. This is possible because of the smaller v/h ratio in space.

Case IL Space-borne system to retain same ground resolution: Then alh 1 = a2h29

h 1 = 1000 ft. 9 h2 = 1.2 × 106 ft. and with same assumptions for system 1 as in Case 1 the follow-

ing relationship holds:

A22 A 2

02 f2 = (1"2)6 1018 1
6 81

= 02 then9

A 2 =7.2x10 8Av_2

Consider trade off (1), if 01

Consider trade off (2)9 if 01 = 180 02 then 9

. ^7 A1

A 2 = 5.4 x Iv

Thus, we immediately see impractically large collecting diameters and/or very large numbers

of detectors would be required.

Case HI. Space-borne system to provide reasonable compromise e.g. 9 a2h 2 = 100_lh r

Then under the same assumption for v//h_ 89 and A as in Case I for system 1 we have:

A22

e 2 t2 (1"2)6 .106A12
= 6 " e I

Consider trade off (1)9 if A 2 = 10A 1 thenp
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Consider trade off (2)_ if A 2 = 100A 1 then,

82 : -5-0 _2

Under the assumption 2,.the total field of view of the spaceborne system would be 3.6 ° for a

single element system. The elemental ground resolution from 200 n miles would be 200 ft.

The collecting diameter would be 3.3 ft. Thus systems with collecting aperture diameters of

3 ft° or better may be needed to provide systems with about 40 ° total angular field of view that

operate with 10 element detector arrays giving 200 ft. ground resolution each. If systems with

collecting aperture diameter of 1 ft. are used, then for single element sensors only a small

total angular FOV of about 1/25 degree is feasible°

The system trade-off to obtain larger total fields of view, with a collecting diameter on the

order of 1 ft. and single detector sensors is to coarsen the resolution. For example, a 600 ft.

ground resolution from 200 n miles would permit a total field of view of 26 degrees.
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Appendix C

CAPABILITIES OF A PASSIVE MICROWAVE RADIOMETER AND SCANNER

C. 1. GENERAL CONSIDERATIONS

To establish the general system crReria for passive microwave systems, the important

parameters must be evaluated. Those parameters which govern the system performance in-

clude the operational wavelength, the receiving aperture size, the spatial resolution and scan

width, and the temperature resolution; each of these isdiscussed and evaluated*

In any system, trade-offs in performance are available. These trade-offs are evaluated

and the results are shown graphically with state-of-the-art limits indicated or assumed. Some

projections into the 1970 time period are made. Representative system calculations were made

to illustratethe performance which can be expected.

C.I.1. TEMPERATURE RESOLUTION. The receiver's minimum detectable temperature

difference is generally expressed as

KT
AT = B_- (I)

where AT = rms noise temperature in OK

K = constant of system s dependent upon the type of modulation used

T = effective system noise temperature

B = equivalent-square pre-detection bandwidth

T = post-detection integration time

KT
In general, once the wavelength of the system has been establishedp the value of _ can be

readily obtained; thus a figure of merit for the system can be given as

AT(v) I/2 = C (2)

Since AT is the term desiredp we must evaluate R interms of the integration time (v) which

is dependent upon the following: the number of resolution elements per scan, the instantaneous

system field of views the scanning rate, and the velocity-to-height ratios involved.

For a P_yleigh limited system, AT can be expressed as

(s)
CD

AT --- l_--'h--]
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where __Tis nowthe systemsensitivity (thermal resolution)for a S/N ratio of 1. D is the

diameter of the collecting aperture, _ the wavelength of operation, a is the scanning angle,

and v/h is the velocity-to-height ratio of the space vehicle from which the measurements are

being taken.

The values of v, h, and a are fixed by the space vehicle and the area to be scanned, and
AT

thus would be relatively constant. By assignlnent of values, then, a parametric plot of _ vs.

D with the wavelength as a parameter can be established; see Figure 35, where the values

assigned were v/h = 0.02 and a = 10°; a = 10 ° gives a path -40 miles wide from an altitude of

200 nautical miles° (Note: this figure neglects the "fly-back" time of the scanning system.)*

C.I.2. OPERATIONAL WAVELENGTH AND SPATIAL RESOLUTION REQUIREMENTS. To

obtain good spatial resolution, itis desirable to use large collecting apertures at very short

wavelengths within the limits of receivers and physical limitations of aperture size; however,

Eq. 3 implies that system spatial resolution (proportional to 1.2}t/D) and temperature resolution

are inverse functions, and, therefore, a compromise is necessary. The selection will be governed

by both the resolution and the minimum detectable temperature difference desired as well as

other physical limitations. Thus, 6 for a given figure of merit and a given v/h, the temperature-

detection abilityof a system can be improved only by making the spatial resolution more coarse

or by reducing the scan angle.

Microwave receivers with small figures of merit do not currently exist for operation at

wavelengths of -6 or 7 mm or shorter; therefore, there is a lower limit on the wavelengths to

be considered here. A plot of the figures of merit vs wavelength is shown in Figure 36° These

are given for existing state-of-the-art receivers with an assumed background of 300°K. Band-

widths could be increased to give lower figures of merit_ but in many cases the antenna feed's

bandwidth limits were approached to attain the values cited. In the region below I0 gc, the

systems are generally background limited and thus improvements in the receiver figures of

merit would be of littlevalue. Thus, one can conclude that, below 10 gc, single-channel re-

ceivers are nearly optimized.

Also to be considered are the atmospheric losses encountered as a function of wavelength.

In general, the losses are low at wavelengths longer than 2 cm and are relatively low in a

Errors in AT due to neglect of "fly-back" time could increase AT in the worst case by the

,/'2 since inclusion would effectively increase o_ by a factor of 2. It should be possible to keep
this factor below 10_ of a.
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window occuring at ~8 mm. However, operation in the band between 8 mm and 2 cm is not

advisable because higher atmospheric losses occur in this region than on either side of it as

seen in Figures 37, 38 and 39.

Several possibilities exist for the antenna structure° It may be designed into the surface

of the vehicle, it may be assembled outside the vehicle by a man, or it may be an unfurlable or

inflatable type. It is generally believed that the physical size of the collecting aperture should

be limited to a diameter of 20 meters or less, which even then would probably necessitate a

assembly, inflation, or unfurling of the unit outside the space vehicle. In general, the achievable

size of the antenna is a function of its wavelength; until 1970, practically achievable antenna

diameters are expected to be as shown in Figure 40. The size limits of the antennas are imposed

by the surface tolerances which can be maintained. A dish diameter of 1 meter would give

(from 200 n mi altitude) a ground resolution of 2 miles at the shortest wavelength available

(8.6 ram). This value is considered to be an upper limit of acceptability on the resolution re-

quirements for most cases.

The angular resolution vs. diameter of an antenna is plotted in Figure 41 with wavelength

as a parameter. Also shown are the practical limits which can be assumed for the 1970 time

frame.

Selections of the wavelength for operation and the aperture size would be determined pri-

marily by the resolution required to map particular sources. Thus, if one assumes the use of

the maximum aperture attainable at each wavelength, the wavelength to be used is determined

by the resolution requirements. Then the system temperature resolution capabilities can be

established, and the value of the system will thus be determined for each particular usage

according to the trade-offs already established.

It should be pointed out that the transmission losses have not been considered in the equa-

tions and will degrade the operation to a varying extent. The degree of degradation will depend

on the operating wavelengths chosen. Since the best detectivity as well as a minimum physical

aperture size is required, this requires that _ be chosen for optimum operation. Therefore,

the selection would generally be the 8°mm region at a sacrifice of slightly increased atmospheric

losses.

With the selection of _ and the maximum and minimum limits on the aperture size, the

minimum values of detectable signals can be determined. For example:

AT = 0.43°K
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and

for the following conditions:

7 = 10mrad

D=lm

k=8mm

C = 5 x 10 -2

v/h = 0.02

(_ = 0.175 rad

In some cases one may wish to use the scanner as a profiler (i.e., scanning in one dimen-

sion only/. In Equation 3 the lower limit on the scan angle (_) would then be the resolution

limit of the system given by

1.2_
= -'-D-- (4)

Using the previously assumed parameters, the system temperature sensitivity can be ob-

tained. Thus for _ = 7,

ATrms = 0.10°K for a profiler system

C.1.3. SCANNING REQUIREMENTS. Sweeping the antenna for mapping systems presents

a very real challenge for the highest resolution systems, particularly when high v/h ratios are

encountered. Mechanical sweep techniques have thus far been used in mapping systems. To

evaluate the scan rate, it is assumed that the forward velocity and altitude are constant. Thus

the scan rate (S) is given by

s =v (5)
7h

where S is the number of scans/sec.

is normal to the flight path about a point normal to the flight path and the earth's surface.

in Figure 42 is a plot of the scan rate vs. resolution for various v/h ratios.

It is assumed that there is no overlap and that the sweep

Shown

C.2. DATA RATES

For any system placed in orbit, the data must be stored and/or telemetered to ground

stations. In the following discussion the analog data rates for a passive system will be presented
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for a system in general and given as a function of the variable parameters involved. Those

parameters include the scan rate (S), scan width (a), and the i,_stantaneous resolution (7)°

The analog data rate is just the number of resolution elements (N) per unit time and is

given in the following expression°

where N is given in resolution elementsJsec.

By substitution in (6) then

N = -_ S (6)

N- av (7)
v_h

A plot of N vs. y with a as a parameter is shown in Figure43. v/h is considered as a con-

stant of 0.02 since the orbit has been previously fixed at 200 nautical miles° Thus for any

system the analog data rates can be obtained directly from Figure 43. Again it should be noted

that "fly-back" time has not been included and thus the data rates would be effectively greater

in all cases except for a = 2= radians. This can be corrected for by using an effective scan

angle (ae).

The effective scan angle is given by the following expression:

data time + "flyback" time
ae = data time (a) (8)

and it is seen that

thus

data time + "flyback" time = 1/S

1
- (_) (9)

e 1 - STf

where Tf = "flyback" time. Therefore, when the flyback time has been determined,

scan angle ((_e) will be used for determining the data rates.

the effective
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Appendix D

RADAR SYSTEM CONSIDERATIONS

Itis the purpose of this appendix to present the theory and analysis required to compute

the radar operating parameters, transmitted peak power, transmitted average power, and sys-

tem data rate, for a satelliteborne surveillance system used for agricultural and oceanographic

applications. Both noncoherent radar and coherent, synthetic aperture; radar sensors will be

treated.

To facilitatethe calculations the flatearth assumption was used. This assumption provide(

results of high accuracy out to elevation angles on the order of 50° to 60°. Beyond this angle

earth curvature effects become of increasing importance. All equations presented here will be

derived using this assumption°

All calculations and curves presented in this appendix will assume a satellite altitude of

200 n mi and a satellitevelocity of 2.4 × 104 fps.

Separate discussions and sections will be devoted to noncoherent and coherent radar sys-

tems in the remainder of this report. Sample calculations are made to illustrate the use of the

results that are derived.

D.1. NONCOHERENT RADAR SYSTEM CONSIDERATIONS

The power requirements are derived for a satelliteborne surveillance system using non-

coherent radar sensors. Itwill be shown that both hardware and theoretical constraints have to

be considered in the computation of these requirements. Data rates encountered by this type of

system are also considered.

D.I.1. PEAK POWER REQUIREMENTS. The reflected target power intercepted by the

radar system antenna is given by the familiar expression

PTG2X2a

PR- (4_)3R 4

where PR is the received peak power in watts,

PT is the transmitted peak power in watts,

G is the antenna gain,

)tis the operating wavelength of the system,

is the radar cross section of the target,

R is the range between the target and the antenna.

In terms of the transmitted power this relation can be rewritten in the form

(1)
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(4n)3PRR4

PT - G2A2a
(2)

The detection capability of such a system is limited by the system noise power given by

Pn = F0kTB (3)

where P
n

k

T

F o

B

is the noise power,

is Boltzmann's Constant (1.38 x 10 -23 joules - °K-I),

is the effective system temperature,

is the system noise figure,

is the system predetection bandwidth.

The required transmitted power can be expressed in terms of the receiver noise power

(for a signal-to-noise ratio of unity) as follows

(4_)3F0kTBR4

PT = (4)
G2_2a

The system antenna gain, G, can be related to the system antenna aperture area by the familiar

expression

KIA

G = _2 (5)

where K 1

area (assumed to be rectangular for this analysis and equal to D
a

aperture and D R is the range aperture); therefore,

(4Tr)3F0kTBR4X2

PT = 2 22

KIDaDRa

is a constant (has a value of ~10 for a rectangular aperture), and A is the aperture

x DR, where D a is the azimuth

(6)

The target cross section can be related to the system range resolution, rR,

resolution, ra, and the target backscatter coefficient, 77, by the expression

the system azimuth

• (7)a = 7/rar R

For a side looking radar (noncoherent), the azimuth resolution is just equal to the length of

ground wetted by the antenna beamwidth in the azimuth direction, i.e.,

r a = K3_aR (8)
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where_ais the antennaazimuth(3 db)beamwidth,

and K3 is a constant(hasa value~1.1to 1.2)
Theantennabeamwidthis related to the antenna aperture by the familiar expression

K2_

_a = D
a

(9)

where K 2 is a constant (having the value of 1.2 for Rayleigh Limited operation),

thus,

K2K3RA

ra D
a

(10)

If the flat earth assumption is used for range, namely that R = h (cos 8) -1, the azimuth resolu-

tion becomes

K2K3 h_

ra D cos 0
a

(11)

where 0 is the antenna elevation angle,

and h is the antenna altitude.

Figure 44 shows a plot of the product of the azimuth resolution and the cosine of the elevation

angle as a function of system operating wavelength for fixed values of azimuth aperture. The

range resolution of the system is a function of the system pulse width, 7, and can be expressed

in the form

7c (12)
rR = 2 sin 8

where c is the velocity of propagation in free space (3 x 108 m sec-1).

This expression says that narrow pulse widths are required to obtain fine range resolution (see

Figure 45). From Figure 45, it can be seen that to obtain range resolutions on the order of

10 ft, pulse widths on the order of 3 to 15 nanoseconds are required for reasonable elevation

angles (> 10°), However, certain system and hardware constraints have a direct bearing on the

narrowness of the obtainable system pulse width. First, the system must be capable of trans-

mitting the pulse. This requires the system bandwidth be sufficient to transmit the frequency

information in the pulse, i.e., to a good approximation this implies the pulsewidth-bandwidth

product be at least unity. Second the pulse must contain at least one and probably more cycles

of the transmitting frequency (it will be assumed here that 7f c = 10 is a sufficient criterion, fc

being the transmitter frequency). Third, there is a hardware constraint which must be con-
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sidered. Maximum system bandwidths on the order of 10% of the transmitter frequency are

obtainable, thus when determining the required pulse width of the system range resolution is not

the only constraint or variable involved. What the above discussion implies is that system res-

olution will be on the order of 10 ftat high operating frequencies (short wavelengths); however,

the bandwidth and frequency constraint limits the system range resolution to between 25 to 100

ft at the long wavelength end of P-band (133 cm). For noncoherent radar systems the system

azimuth resolution will undoubtedly be larger than the range resolution, and since littleis gained

by having fine range resolution and coarse azimuth resolution, a square resolution element will

be assumed whose dimensions are determined by the system azimuth resolution; therefore the

above discussion was of academic interest only when applied to noncoherent radar. The dis-

cussion will be more applicable tothe coherent radar discussion to follow since these systems

have much better azimuth resolution capabilities (on the order of the obtainable range resolu-

tion).

Considering the above discussion the system peak power requirement becomes

(4_)3F0kTBR2

PT = 2 2 2 2 (13)

KIK2K3DRT/

Substituting

K2_

DR = fiR (see Figure 46.) (9)

then

(4zr)3F0kTBR2_2
(14)PT = 2 422

KIK2K3_ 7/

Now the antenna range beamwidth, 13R, can be related to the illuminated ground swath width,

W, by examination of the illumination geometry shown in Fig. 47. It is obvious that

2 =h 2 =
R 2 + (htan 0 +W) 2 h2 sec 2 0 +2 hWtan0 +W 2 (15)

W W 2
=h 2 sec 2 0 1+-_-sin20+ -_-cos 0 (16)

From the Law of Sines itcan be seen that

W R2 R2

sin_R sin (90+ 0) cos 0 (17)
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Solving Equation 17 for R2, substituting into Equation 16 and taking the square root of both sides

; E w (w)_]_2W cos _ h sec _ 1 +-_- sin _+ cos _ = Chsec 8 (18)
sin

or

_2_fiR sin-1 cos (19)

For illustrative purposes this function is shown plotted in Figure 48 for typical values of

_R" Substituting this value of _R into Equation 14 and using the flat earth approximation for R

(4_,__0_ {s_n'[&cos__]}2
PT = 2 4 2_2 2 (20)

K1K2K 3 _ cos

The value of the system noise factor, F0, is in general a function of system operating wave-

length. Attainable system noise figures are shown as a function of wavelength in Figure 49.

The dashed lines shows the spread in attained noise figures. It is interesting to note the spread

is approximately 3 db at all wavelengths. By using the system bandwidth pulse width constraint,

namely that

s _ -- i (2i)

substituting Equations 11 and 12 into 21 and using the equal resolution assumption

cD cos a
B > a (22)

- 2K2K3h_ sin

and substituting this into Expression 20 using the minimum bandwidth (minimum system band-

width is used to minimize the power requirement).

,_%_c0_{_n_[_cos2_1}2
PT = 2 5 3 3 (23)

KI K2K 3 _ 77sin 2

the system peak power expression can be written in the form

Da{sin-l[- _cos28]}2

PT = K0(X) _ sin 2 0 (24)
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UM = Data from University of Michigan reports and radar receiver system
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where

K0(X) =

(4_)3F0kTch

2 5 3_3
K1K2K 3

The value of K0()t) is shown as a function of system wavelength in Figure 50.

(25)

D.1.2. AVERAGE POWER REQUIREMENTS. The system average power requirements

can be computed knowing the system peak power requirements. The system average power,

Pav' is

Pav= PT Y (prf) (26)

where prf is the system pulse repetition frequency. There is one system constraint which

should be mentioned in connection with Equation 24, that is the constraint placed on the system

pulse repetition frequency. The system pulse rate should be sufficient to provide at least one

pulse return per resolution element. That is to say

V

prf> _aRK 3 (27)

or

V cos 0 D

prf> K3K2 h_ a (28)

Actually the pulse rate will have to be set at some multiple, m, of the minimum pulse rate

so that there will be sufficient time for the pulse to travel to the target and back to the antenna

while the target is in the antenna beam. Therefore the minimum pulse rate that should be used is

mD V cos 0
a

prf = K3K2h X (29)

Figure 51 is a plot of the minimum pulse rate as a function of system operating wavelength

for various antenna azimuth apertures for a value of m of 5 and an elevation angle of 45 °.

Using the minimum value for system prf and the value of the system pulse as derived in the

preceding section

Pav= KOPT sin O (30)
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° o

where

lo__y_v= 2.5 × 10-4 (31)
K_ = c

D.1.3. DATA RATE CONSIDERATIONS. The data rate which must be handled by an or-

biting surveillance station equipped with a non-coherent type of radar is a function of several

system parameters, namely, the observation geometry, the radar operating parameters, the

desired ground resolution, and the number of gray scales required to adequately reproduce the

scene being viewed. This section will not consider the gray scale requirement aspect of the

data rate problem; however, this can be easily incorporated into the results obtained here sinc,

the gray scale consideration introduces only a multiplicative constant (greater than unity) by

which the results can be modified.

Excluding the gray scale considerations, the data rate (resolution elements per second) is

related to the system observation geometry, the radar operating parameters, and the desired

ground resolution area by the expression:

DR = AIAr-1 (prf) (32)

where A I is the ground area illuminated per pulse (see Fig. 52).

A is the resolvable ground area
r

prf is the radar pulse repetition frequency (cps)

DR is the data rate (resolvable ground elements per second)

Each of the area factors on the right side of Equation 32 will be given separate consideration.

D.1.3.1. Computation of Illuminated Ground Area. The flat earth illuminated ground area

is shown in Figure 52. The area of the illuminate, being a trapezoid, is equal to the product

of the illuminated swath width, W, and average swath length, L. The deviation of relation be-

tween swath width, elevation angle, and system range beamwidth, /3R is discussed in Section

D.I.1 of this report. This function is shown in a little different format in Figure 53.

The swath length, L, at any given elevation angle can be computed from the expression

L = _a R - a (33)cos 0

However the swath length varies over the illuminated ground area, the limits being
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h _a h_a .< L <

cos e- - cos(e+fiR )
(34)

However, it can be shown that

Ya h K2Xh

L = cos (0 + fiR/2) = Da cos (0 + _R/2) (35)

This function can now be conveniently plotted in a form which will aid in the data rate calcula-

tion, thus the illuminated swath area becomes

WK2_ h

AI : Da cos (0 + _R/2) (36)

D.1.3.2. Resolvable Ground Area. The resolvable ground area is given by the product of

the system range and azimuth resolution, i.e.,

A r = raXr R (37)

or since r is assumed to equal r_
a l-t

222

Ar =r 2 2 2 2 K3flaha = K3_aR = 2-
cos 0

(38)

at any value of elevation angle; however, like the illuminated length r
a

swath width, therefore it is assumed that

is variable over the

222 2222
--_ K3C_ah K2K3/t h

r = 2 D 2 (39)
a cos (0+_R/2) aC°S 2 (0+_R/2)

D.1.3.3. Data Rate Formulation. Substituting Equations 29, 36, and 39 into 32

mVWD 2 cos (0 + fiR/2) cos 0
DR = a

2 2 2 2 (40)

K2K3k h

D.I.4. SAMPLE CALCULATION FOR NONCOHERENT RADAR SYSTEM. A noncoherent

system operating at 8.6 mm may be useful for the ORL program. This is due to the fact that
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short wavelength systems will provide the best system resolution for a given antenna azimuth

aperture. Since storage space will be at a premium the maximum azimuth aperture will prob-

ably be on the order of 25 to 50 ft and the range aperture will be on the order of 0.5 to 1 ft.

These are the system antenna constraints used to compute the system constraints. An elevation

angle of 45 ° is also assumed. These are computed in the following sections.

D.1.4.1. Range Resolution. From Figure 44

r acos _= 103ft(D a= 50)

r --(1.5to3)× 103ft
a

for the antenna azimuth aperture of 50 to 25 ft respectively.

D.1.4.2. System Pulse Width

2 to 4 _sec (see Figure 45)

D.1.4.3. System Bandwidth

B = 0.25 to 0.5 mc (see Equation 21)

D.1.4.4. System Pulse Rate

~ 50to 100 pps (see Figure 51)

D.1.4.5. Transmitted Peak Power. Since Equation 24 is dependent upon the target back-

scatter coefficient it is important that a value be used which will represent a minimum value

so that all elements in the scene will provide sufficient return to be mapped; in actual practice

this is not always necessary since the absence of signal can also be used to infer a target's

presence in a mapping scheme. Data is sparse for backscatter coefficients at 8.6 mm wave-

length, however, some grasses have been measured to have backscatter coefficients on the or-

der of -20 db at 8.6 mm. A value of -40 db will be used in the calculations presented. It is

felt by the author that this value is probably a lower bound for targets of interest at this wave-

length.

From Figure D.7, K0(k ) has the range of values of 9 to 30. From Equation 24 then
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(9)(25)(2 × 17.5 × 10-3) 2

(PT) =
rain 10-4(1)

= 2.8 K watts

however this value is for a signal to noise of unity.

PT -- 30 K watts( )min

For a signal to noise ratio of 10

• "(PT)max -- 30 K watts (4/2) 2 (50/25)(30/9) = 800 K watts

D.1.4.6. Average Transmitted Power

(Pav)min = (30 K)(2.5 10-4)(0.707) -- 5 watts (see Equation 31)

(Pav) -- 150 watts
max

D.1.4.7. Data Rate. Using Equation 40 and Figure 53

(DR)mi n = (5)(2.4 × 104)(9 x 104)(25)2(0.707)2 ~ 1.2 x 103 resolution elements
(1.2)5(8.6)2(3.28 × 10-3)2(1.22 x 106) 2 - sec

(DR)ma x = (1.5 × 103)(50/25)2(30/15)= 1 × 104 resolution elements
see

D.2. COHERENT (SYNTHETIC APERTURE) RADAR SYSTEM CONSIDERATIONS

In this section the system power, and data rate requirements are considered for the high

resolution coherent or synthetic aperture radar operating from a satellite surveillance system•

Much of the theory and equations discussed in connection with the noneoherent radar system is

also applicable here. The repetition of material will be held to a minimum; however, some

repetition is necessary to maintain continuity of the discussion.

D.2.1.

tem, the peak transmitted power can be expressed in the form

(4_)3F0kTBR4_, 2

PT = 222

KIDaDR_

PEAK POWER CONSIDERATIONS. As was the case for the noncoherent radar sys-

(6)
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However, a coherent radar system has the advantage of being able to integrate many return

signal pulses (signal phase information is used) from a target as the antenna beam passes over

the target. For a system integrating n pulses, the signal power increase with n2 (signal voltage

being proportion to the number of integrated pulses). The advantage of this integration technique

is the fact that noise power increases linearly with the number of integrated pulses (the noise

power resulting from a random noise process); therefore the signal to noise ratio varies di-

rectly with the number of integrated pulses (provided sufficient system bandwidth is available),

thus the system transmitted power requirements for a coherent radar" system using a pulse in-

tegration processing becomes

PT =

(4_)3F0kTBR4X 2

222
nK1DaDB_

(41)

The number of pulses, n, which are processed is a function of the system pulse repetition fre-

quency (prf), the system azimuth beamwidth, the range to the target of consideration, and the

antenna velocity, V, and can be expressed in the form

R_
a (42)

n = -V-- (prf)

however

a

(9)

thus

PT

(4_)3F0kTBVR3X

= 2 2
K1K2DaDR_ (prf)

(43)

In Section D.1.1 it was shown that

_R = sin-l[_h cos 201
(19)

and since

(9)
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it follows that

DR= K2 _{sin- 1 [_h cos2 0]} -1 (44)

thus substituting Equation 44 into Equation 43 and using the flat earth assumption for range, the

expression for the peak transmitted power becomes

PT- 2 3 3 (45)

K1K2D a_a (prf) cos 0

The target cross section can be related to the system resolution, r, by the expression

2
_= _r

where V is the target backscatter coefficient which in general is an empirical function of radar

energy grazing angle

r is the system resolution (the resolvable area is assumed to be square, i.e., the range

and azimuth resolution are assumed to be equal)

Substituting Equation 18 into Equation 17

(4_)3 F0kTBVh3 {sin- 1 C_h cos2 0]}2

PT = 2 3 2 3 (47)

_K1K2Da_ (prf) r cos 0

From coherent radar theory the minimum system resolution (assuming no phase errors

are present) is on the order of one half the azimuth aperture; however to achieve this resolution

a constraint is placed on the system prf, namely the prf has to be sufficient to sample the dop-

pler information for targets in the azimuth beamwidth, or

prf > _fd (48)

where Af d is the doppler frequency bandwidth of targets in the antenna azimuth beamwidth, fla"

The doppler bandwidth is a function of the antenna velocity (for stationary ground targets) and

is easily derived considering the geometry in Figure 54. For a target at angle a with respect

to the center of the antenna the doppler frequency shift, fd' of the return signal will be

fd- 2pA (49)

from the geometry

lql



V 1 _rget

FIGURE 54. TARGET DOPPLER GEOMETRY
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#= Vsina (50)

for small angles (a reasonable assumption)

sin a _ a (51)

so that

2Va
fd- (52)

therefore the doppler frequency bandwidth, Afd,

Afd = _ - - _t

remembering that

becomes

(53)

KI_

3a= D
a

(9)

then

2K1V

Afd- D
a

(54)

therefore the doppler prf constraint becomes

2KIV
(55)

prf_> D
a

In general there is another factor, F (where F has a value of 1 or 2), which enters into the

doppler frequency constraint which is dependent upon the type of data processing that is used, thus

2FK2V (56)
prf > D

a

The minimum resolution, (r)min can be related to the minimum antenna displacement between

signal pulses as follows

= vl--_ (57)
(r)min V At= prf

however

=V"

D D
a a

2FK2V 2FK 2

(58)
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The length of the illuminated swath width also places a constraint on system prf. For non-

ambiguous range information in the swath width, W, the system prf must be constrained such

that (see Figure 52).

c (59)
prf_<2Wsin 0

therefore, combining both prf constraints the system prf is constrained by the inequalities

2 FK2V c
< prf <

D - - 2W sin
a

In theory then for the best system resolution

and

(60)

2FK2V
D >'-- (61)

a - prf

D
a V

r>_>
- 2FK 2 - prf

(62)

The limiting values of the antenna azimuth aperture, swath angle, and resolution are shown in

Figures 55, 56, and 57, respectively as a function of system prf for a surveillance sys-

tem in a 200 n mi circular orbit.

The swath width constraint must be met to avoid ambiguities in the processing; however,

if the antenna aperture constraint is not met system resolution is degraded. The amount of deg

radation can be approximated by comparing the system resolution under the ideal situation

(the minimum value as computed by Equation 62 to that computed from Equation 57). These con-

siderations must be kept in mind when computing the system peak power requirements, of

course, the system peak power requirements are also a function of the obtainable system noise

powers (Eq. 3), in general this is a function of system wavelength (see Fig. 49).

As was the case with the noncoherent radar system, it is convenient for computational

reasons to lump all the system constants and variables into a wavelength dependent constant.

To meet this end a system bandwidth constraint must be assumed. As mentioned in Section

D.I.1 a bandwidth-pulse width constraint can be employed. Assuming a bandwidth-pulse width

product of unity, then the system bandwidth can be expressed in the form

c 2FK2c (63)
B l>I/y - 2Rsin 0 - 2D sin 0

a
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Substituting Equations 58 and 63 into Equation 47, the transmitted power may be written in the

form

PT

sin-1 W cos

: K_(X) x 3--
77D4 (prf) sin 6 cos e

(64)

2
_R

(65)= ×
0""

rTDa4(prf) sin 0 cos 3 0

where

4 (4_)3 F 2 F0kTVh3c
(66)

K_(X) - 2 X
K 1

The value of K_(_) as a function of system wavelength is shown in Figure 58.

D.2.2. AVERAGE POWER REQUIREMENTS. As before the average power requirements

for the system can be computed from the system peak power requirements. The system aver-

age power, Pav' is given by

Pav= PT Y (prf) (26)

Putting the minimum values of both the pulse width and prf into Expression 26

= K" (30)
Pay oPT sin 8

where

K_= 2V/c = 5 x 10 -5

D.2.3. DATA RATE CONSIDERATION. As in the case of the non-coherent radar system

the data rate can be computed by determining the values of each term of the right side of Equa-

tion 32; however, in the case of the coherent system there are several system constraints which

have to be considered. These considerations will be discussed in the following section.

D.2.3.1. Illuminated Ground Area Constraints and Considerations. The size of the il-

luminated ground area is approximately trapezoidal in shape (see Fig. 52j, and its limiting
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dimensions are a function of the radar system prf. Or looking at it in another way it has been

shown that the system prf has two constraints placed on it, one is due to azimuth channel con-

siderations (the lower bound of the prf is that prf which will pass the doppler frequency infor-

mation of targets between the antenna half power beamwidth and will provide the best resolution',

and the other is due to range channel considerations (the upper bound of the prf is that prf which

will allow unambiguous range information in the ground swath width; see Fig. 52). The prf con-

straints can be expressed as the inequality

2FKV < prf < c (60)
D - - 2W sin

a

In practice there is an upper limit on the obtainable system prf set by a hardware constraint,

so that there is a limiting value of the ground illuminated swath width which can be handled

without range ambiguities, this limit is given by

c
W < 2 (prf) sin 8 (67)

The illuminated swath length, L, at a given elevation angle is given by

hfl a
L = cos 8 (33)

However the half power beamwidth can be related to the antenna aperture as follows

K2_

_a = --5-- (9)
a

The azimuth aperture has a prf constraint on it such that

2 FK2V
> -- (68)

Da - prf

therefore

_a2_/k (prf) (69)

and

hA (prf) (70)L < 2FV cos 8

The maximum swath length as expressed in Equation 70 is that obtained at any given elevation

angle, 8; however, it is obvious that this maximum swath length is variable within the antenna
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beamwidth, _r (see Fig. 52 ). Also itcan be noted that swath area, A r being a trapezoid is

computed by taking the product of the swath width, W, and the average swath length,L. The

maximum (based on the prf constraint) value for the average swath length can be shown to be

given (approximately) by

-- hk (prf)

L < 2FV cos (0 + fiR/2) (71)

The maximum allowable swath area can now be related to the swath width and length by

the equation

ch )_
A=WxL<

- 4FV sin 8 cos (0 + _R/2)
(72)

It is interesting to note that while both swath width and length have prf constraints the swath

area seems to be independent of system prf.

D.2.3.2. Computation of the Resolvable Ground Area. According to theory the minimum

resolution element obtainable with a coherent radar is given by the inequality

D
a

r > _ (58)

Therefore, for a square resolution area the minimum resolvable area is

D 2

_ a (73)[Ar ]min _r

(2FK)

or

D 2
> a

A r _
(74)

remembering the prf constraint on the azimuth aperture

V 2
A >

r - (prf)2
(75)

D.2.3.3. Computation of the Maximum System Data Rate. Recalling that the data rate is

iven by

-1

DR = A I x A r (prf) (32)
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then substituting Equations 72 and 74 into

ch
DR < (Prf) 3

4FV 3 sin 8 cos (_ + fiR/2)

(76)

or

ch X (prf)3

[DR]max - 4FV 3 sin _ cos (8 + fiR/2)

(77)

Expression 77 states that the maximum data rate is a function of the system geometry, velocit,.

altitude and elevation angle, and the radar parameters, prf and operating wavelength. The se-

lection of the prf is a question of optimization. The maximum data rate increases rapidly with

prf; however, the peak transmitted power of a coherent radar system varies inversely with the

prf (average power being unaffected); therefore, equipment limitation will undoubtedly set the

requirements on system prf. For this reason the maximum data rate is normalized to remove

the prf dependence, i.e.,

(DR)nor m = [DR]max × (prf)-3 (78)

59 (for a surveillance system orbiting in a circularand this expression is plotted in Fig.

orbit at an altitude of 200 n mi for an antenna range beamwidth of 1°) as a function of the oper-

ating wavelength and for different values of elevation angle. Maximum normalized data rates

are 5 to 10% larger for an antenna range beamwidth of 10 °. Also for illustrative purposes

values of the minimum antenna azimuth aperture and maximum swath width are plotted as a

function of system prf (Figs. 55 and 56)0

D.2.4. SAMPLE CALCULATIONS FOR ORL PROGRAM. Suppose it is proposed that for

the first ORL program a X-band synthetic aperture radar be included. There are three primary

reasons for including an X-band system. These are (1) it is desired to map surface phenomena

and there is little surface penetration at X-band frequencies, (2) there will be little atmospheric

attenuation at these frequencies, and (3) most of the synthetic aperture hardware which has

been developed to date operates at these frequencies. The system requirements will be com-

puted for a 8-10 Gc system having a resolution capability of at least 25 ft.

D.2.4.1. System Resolution. 25 ft an arbitrary selection
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D.2.4.2. Require Antenna Azimuth Aperture. -50 ft (see Eq. 58, F = 1) ""

D.2.4.3. System Pulse Width Bandwidth and prf Requirements. For a nominal elevation

angle of 45 ° the required system pulse width for a resolution of 25' is

= 25 nanoseconds (see Fig. 45

then

B = 1/_ = 109/25 = 40 MC

The required pulse rate for a 50 ft antenna aperture is

prf = 1200 pps (see Fig. 55

D.2.4.4. System Peak and Average Power Requirements. As was the case of the nonco-

herent system, it is important to select a value for the target backscatter coefficient which is

representative of the minimum value to be encountered for targets of interest. Considerably

more backscatter data were available for X-band frequencies and it appears that a value of

-30 db is about minimum. This value was used to compute the transmitted power requirements

of the system. From Equation 64 it can be seen that the system peak power is an increasing

function of the illuminated swath width. For the selected system prf, the maximum swath

width is on the order of 100 n mi; however, if the system is designed to illuminate this swath

width the power requirements would be exorbitant: Therefore a swath width of 10 n mi was se-

lected, For such a swath width an antenna range beam width of 25 milliradians is required

(1.4 °) (see Figure 53 ) resulting in a range aperture of approximately 5 ft. From Figure

58 the range in the value of K0"(k) is 4 to 11 × 1014 thus the system peak power becomes

(from Equation 6 5)

(4 x 1014)(25 x 10-3)2(4) _ 130K watts

(PT)min- 10-3(50)4(1.2 x 103)

however this value is for a signal-to-noise ratio of unity. For a signal to noise ratio of 10

and

(PT)min = 1.3 M watts

(PT)ma x = 3.5 M watts

From Equation 30
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(Pav)min = 1.3 x 106)(5 x I0-5)(.707) = 45 watts

(Pay) max = 120 watts

Itmust be remembered that these transmitted power requirements, system power require can

be 4 to 10 times the transmitted values.

D.2.4.5. Data Rate Calculation. From Figure 59

(DR)ma x (prf)-3 = 4

3

(DR)ma x= 4 x (1.2x 103 ) = 7× 109

however this assumes a swath width of 100 n mi so, the data rate must be modified to account

for the fact that only a 10 n mi swath width is illuminated, thus

DR = (7 x 109) x (I0/I00) --109 resolution elements
second

D.2.4.6. Special System Considerations. The discussion of the synthetic aperture radar

has been conducted assuming a theoretically perfect system, i.e., it was assumed that there

was no radial (towards the target) antenna motion and that the antenna and signal processing

were perfect. In reality, none of these assumptions is valid and the presence of each system

imperfection can introduce phase errors which will degrade the system resolution. The lack

of radial movement is probably the best of the three since a satellite system will not incur the

turbulence that an aircraft does so a relatively simple motion compensation scheme can be

used in space.
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APPENDIXE
LASERALTIMETERS

E.I. GENERAL

Thetwotypesof optical radar altimeters are the FM-CWlaser altimeter andthepulse

laser altimeter. Thesealtimeters, in anorbiting satellite, canbeusedto accuratelymeasure

therelative heightof oceanwavesandthevariation of theheightof objectsin the earth's land

area surfacefor a very small patch. Sincepresent coherentlasers operateat very highfre-
quencies,3.5(1012)to 1015cps;it is possibleto constructsatellite-bornehighresolutionalti-

meterswhichhavetransmitting andreceiving aperturesof reasonablephysical size. Laser

altimeters are ableto measuresurfacevariation onlyif there are nocloudsoccludingthe
beamedelectromagnetic energy path. At any one time, 40 to 60 percent of the earth's surface

is covered with clouds°

The ocean covers a large part of the earth's surface (71qg) and exhibits a complex and

thoroughly random surface shape. Irregularities in the vertical direction can span a range

as high as 20 meters. However, certain individual elements of the total pattern, individual kinds

and groups of waves, do repeat themselves and are periodical with time. Table XIV shows the

relationship of the various parameters of wind waves at sea. Thus, from the data of the ocean

wind waves, one can estimate wind velocity and possibly other weather conditions. Also, with

additional complication in data processing, swell type ocean waves can be detected and measured.

There is some possibility that even tsunamis can be detected and measured if the satellite's sta-

bility in height, roll and pitch is constant enough and if one were alert to their occurrence via

seismics sensing by ground stations.

Land height irregularities are greater than the various ocean wave heights and they have

very little, if any, periodicity. Narrow strips of land surface profile can be determined by data

processing providing the changes in satellite attitude are slow and sufficiently well known.

The selection of an appropriate system has to be based on many diverse factors. The im-

portant considerations are: resolution, power requirements, operational duty cycle, and physi-

cal size. A discussion of these factors will now follow.

E.I.1. RESOLUTION USING LASERS. The striking characteristics of coherent electro-

magnetic radiation of any frequency is that a plane wave front with a uniform time phase will

propagate as a parallel beam of radiation spreading only through a diffraction angle which is

determined by the wavelength of the radiation and the size of the source of the original plane
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wave front. A circular source of coherent plane waves of uniform strength produces at great

distances, on a plane parallel to the source plane, a symmetrical distribution. This distribution

can be given by an analytical expression

where 10 is the maximum beam intensity at the center of the pattern, J1 is the Bessel function

of the first kind and the first order, 0 is assumed to be small and approximately equal to sin 0,

and

00 = _ radians

with _ the wavelength and D the source diameter. The full width of the central beam at the

first pattern nulls is 2.44 00. According to classical geometrical optical theory, the best angu-

lar resolution for a passive viewing system is given by the relation

0d = 1.22g

A graph of angular resolution versus wavelength for various apertures, ranging from 100 meters

to 0.1 cm in diameter is given in Figure 60). It can be seen Mat for constant aperture angular

resolution is best at shorter wavelengths. Superimposed on this figure are four dashed lines

indicating the magnitude of the field of view of beamwidth obtainable with the indicated wave-

length and aperture sizes. Thus, one can easily obtain a field of view of 10 seconds by employ-

ing a 10 centimeters source diameter at a wavelength of one micron.

A transmitter with a 10 second beamwidth mounted on a satellite at a height of 3"/0 km

(200 n mi), will intercept an area on earth whose diameter is approximately equal to 1"/.9

meters. From Table XIV we observe that the beam will cover one wavelength for a moderate

breeze on the sea, and only portions of the total wind wave for higher wind velocities. Thus,

from the standpoint of resolution, the optical spectrum (0.2 to 100_) is advantageous. Similar

resolutions at microwave frequencies (except using synthetic antennas) are impossible to obtain

because of the sizable mechanical tolerances in the manufacture of large antennas. For exam-

ple, using the highest microwave frequency used by present radar systems, "/0 Gcs, requires

a theoretical antenna diameter of 58.7 meters for a beamwidth of 10 seconds of arc.
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E.I.2. POWER CONSIDERATIONS AND OPERATION DUTY CYCLE. The beam solid angle

i} is given by

4

47r
For the power within the beam there is an average power gain -fi- over an isotropic radiator.

For a 10 second beamwidth, f_ is of the order of 10 .9 steradians giving a power gain of more

than 90 dbs. By working in the optical spectrum, one obtains very high directional power gains.

Thus for the case where the beamwidth of the optical and microwave systems are limited by

Fraunhofer diffraction, the advantage of an optical system as far as power requirements are

concerned is unquestionable (ttef. 75).

To counterbalance this advantage, we have the large atmospheric transmission losses in

poor weather operability; thus laser altimeters can be used only through good visibility paths

as observed from the satellite to the earth's surface.

E.I.3. STEADY STATE TRANSMITTANCE OF THE ATMOSPHERE. Absorption, turbulence

and scattering are the three main sources of energy loss encountered in propagation of electro-

magnetic waves through the atmosphere. A light beam passing through the atmosphere suffers

from both absorption and scattering. The attenuation in a pure atmosphere consisting only of

the permanent gases is caused by scattering from the gas molecules and is proportional to the

inverse fourth power of wavelength (Rayleigh scattering). In the lower atmosphere, Rayleigh

scattering is small, because of the absorption and Mie scattering by natural and man-made

contamination (water vapor, dust, smoke, etc.). The variety and random density of these mate-

rials are such as to make exact predictions of their effects practically impossible. The atmos-

pheric transmittance has been calculated as a function of wavelength and elevation angle for the

clear ARDC standard atmosphere and is given in Figure 61 (Ref. 76). These transmittance

curves in Figure 61 were calculated by an IBM-7090 computer assuming the clear ARDC

atmosphere (ground visibilityof 25 km), no clouds in transmission path and for the non-absorp-

tion '%vindows" (no CO 2 or water vapor gas absorptions) and using the USAF Cambridge Re-

search Laboratory tables (Refs. 77 and 78). The absorption of lightwaves by clouds and

thick fogs requires that laser altimeters be used in clear and partially cloudy weather. The

total earth's surface has cloud cover of 40°_ to 60% at all times as viewed from space. The

light ray path cannot be occluded by cloud cover of any appreciable thickness. Table XV indi-

¢_tel the calculated spectral transmittance of I00 meters and 1 km cloud from the only Mie
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TABLE XV. TRANSMITTANCE OF

1-KM AND 100 M CLOUD VS. WAVELENGTH

Mie Scattering Coefficients Taken from Ref. 79

Wavelength Transmittance of

1 km Cloud 100 m Cloud

0.45 8.090(10 -8) 0.1953

0.70 5.477(10 -8) 0.1878

1.61 2.317(10 -8 ) 0.1723

2.25 1.234(10 -8) 0.1618

3.07 8.527(10 .9 ) 0.1559

3.90 1.076(10 .9 ) 0.1268

5.30 3-737(10 -11 ) 0.0906

6.05 2.370(10 -9 ) 0.1372

8.15 7.194(10 -9) 0.1533

10.0 1.395( 10-5 ) 0.3269

11.5 4.107( 10-5 ) 0.3642
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scatteringattenuationcoefficientgivenbyDiermendjian (Ref. 79). Note the spectral trans-

mittance of a 1 km cloud is exceedingly small for the optical spectrum.

In addition to the steady state losses, the atmosphere causes short term changes in the

apparent characteristics of the source outside the atmosphere. Scintillation can degrade the

signal by impressing amplitude modulation on the signal itself analogous to fading in RF systems.

In general, scintillation can be decreased by increasing the aperture size. The atmospheric

random inhomogeneities will add to the formidable problem of maintaining the relative spatial

coherence of the signal and local oscillator in superheterodyne type optical receivers.

E.I.4. REFLECTANCE OF THE EARTH'S SURFACE. The manner in which a particular

small area of the earth's surface will reflect, scatter and/or absorb incident electromagnetic

waves varies with type of surface and wavelength. Table XVI indicates the visible reflectance

of some objects and type of areas on the earth's surface (Ref. 80). Reflectance values of water

surfaces, soils, earth areas, and buildings are approximately true (but slightly lower) for the

infrared spectrum. Vegetative formation reflectances for the infrared spectrum increase

rapidly within a very narrow spectrum (0.68 to 0.70_) from the given values of 3 to 5% in Table

XVI to 30-60% Using laser altimeters for relative height measurements of small patches of

the earth's surface, the reflectance of the ocean water were used for the wave height calculations

The reflection of electromagnetic energy from the ocean will be specular, however, for practica-

bility a reflection coefficient of 10%, with a cosine distribution into the outward hemisphere was

used for calculation purposes (Refs. 80 and 81).

E.2. FM-CW LASER ALTIMETERS

The system to'be considered is shown in Figure 62. It is basically a frequency modulated

continuous wave (FM- CW) radar to measure range. The transmitter has a source, a modulator,

and an optical system. The modulator is also connected to a local oscillator through a delay

line, which feeds into the mixer of the receiver. The receiver has: an optical system, an

optical amplifier, a mixer, amplifier, discriminator and an indicator.

In the transmitter, the source generates a light beam with a power of Pt(_) watts, which

acts as the carrier for modulation. The modulator imparts to the light beam a variation which

contains the information in a bandwidth of _f cps. The optical system has a transmittance,

Vt(_), which accounts for the losses of the system, and optical gain, Gt, which normalizes the

power in the beam to that from an equivalent isotropic radiator. G t = _, where _ is the solid
¢}

angle half-power beamwidth of the transmitter beam and given by _ = 4 0d"
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TABLE XVI. VISIBLE REFLECTANCE OF VARIOUS LARGE AREAS

OR OBJECTS ON THE EARTH

Type

Water Surfaces

Inland Waters

Oceans

Bare Areas and Soils

Snow

Ice

Limestone

Calcareous Rocks

Granite

Mountain Tops (Bare)

Sand

Clay Soil

Ground Bare (Rich Soil)

Field (Plowed)

Vegetative Formations

Coniferous Forest

Deciduous Forest

Meadow (Di'yGrass)

Grass (Lush)

Field Crops

Man Made

Buildings (Cities)

Concrete

Reflectance Peak Wavelength

(%) _(_)

3-10 0.4810

3-7 0.4810

70-86 0.4810

75 0.5795

63 0.5790

30 0.5790

12

24 0.5816

18-31 0.5616

1.5-15 0.5828

7,5-20 0.5832

20-25

3-10 0.5744-0.57 58

10-15 0.5719-0.5858

3-8 0.5758

15-25 0.5719

7-15 0.5858

9 0.5828

15-35
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The receiver optical system collects and focuses the power to the amplifier which in turn

is fed into the mixer. The local oscillator signal is also introduced into the mixer. The local

oscillator signal acts as a reference signal required to produce a beat frequency. The beat

frequency signal is amplified and fed into a frequency discriminator. This is followed by an

indicator to obtain range information.

E.2.1. RANGE MEASUREMENTS. In the frequency-modulated continuous wave optical

radar (FM-CW), the transmitter frequency is changed as a function of time in a known manner.

Assume that the transmitter frequency to be modulated is a triangular frequency modulation

waveform as shown in Figure 63 by the solid line. If there is a reflecting object at a distance,
2r

r, a signal will return after a time, T =--. The dashed line in Figure 63 represents the
c

turn signal. If the local oscillator signal, which has a time delay T' and is shown in Figure 63

by the dash-dot curve, is heterodyned with the return signal in a mixer, a beat frequency will

be produced. If there is no doppler shift, the beat frequency is a measure of the target range.

The beat frequency is of constant frequency except at the turn around region. If the frequency

is modulated at a rate f over a range Af, the beat frequency is
m

Thus the measurement of the beat frequency determines the range r.

When more than one target is present within the view of the radar, the mixer output will

contain more than one difference frequency. In principle, the range to each target may be

determined by measuring the individual frequency components and applying Equation 1 to each.

To measure the individual frequencies, they must be separated from one another. This might

be accomplished with a bank of narrow band filters, or alternatively, a single frequency corre-

sponding to a single target may be singled out and continuously observed with a narrow band

tunable filter.

In this particular case, where we are interested in the height of the ocean waves, it is es-

sential only to obtain the largest and smallest beat frequencies. That is,

t=
fb 2(_- T)fmAf

fb (_ Ar T')fmAfc=2 +-_ -

t and c denote the beat frequencies due to the trough and crest respectively (see Fig.where fb fb

63), and the difference is equal to

197



_f

J

TIME

1/f
m

Transmitted Signal

Received Echo

Local Oscillator Signal
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c t _r f _f
fb - fb = 2 --C- m

where Ar is the distance between trough and crest of the wave. For example, let

Ar = 1 meter

f = 120 cps
m

Af = 100 MC

C = 3 X 108 meters/sec

The difference between the two beat frequencies is equal to

c t 2
Afb = fb - fb =

3 × 10 8
120 × 108 = 80 cps

This difference frequency Af b can be increased by increasing the modulation rate fm and the

cbandwidth Af. By tuning the delay line so that is equal to 1000 cps, the beat frequency fb

_¢ill be 1000 cps. Thus, if the discriminator has an accuracy of one cycle in a thousand, one

should be able to measure one meter wind wave to an accuracy of 1.25 cm.

E.2.2. MEASUREMENT ERROR

The theoretical accuracy with which absolute distance can be measured depends upon the

bandwidth of the transmitted signal and the signal-to-noise ratio. In addition, measurement

accuracy might be limited by such practical restrictions as the accuracy of the frequency

measuring device, the residual path length error caused by the circuits, errors caused by

multiple reflections, and the frequency error due to the turn-around of the frequency modulation.

A common form of frequency measuring device is the cycle counter, which measures the

number of cycles or half cycles of the beat frequency during the modulation period. The total

cycle count is a discrete number since the counteris unable to measure fractions of a cycle.

The discreteness of the frequency measurement gives rise to an error called the "fixed error."

The average number of cycles N of the beat frequency fb in one period of modulation cycle fm

is fb/fm, where the bar over fb denotes time average. Equation (1) may be rewritten as

cN
(2r - cT') = r' =

2Af

Since the output of the frequency counter is an integer, the range will be an integral multiple of

C/2Af, and will give rise to a quantization error equal to
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or

37 o5
5r' (meters) = Af(Mc)

Thus, for Af = 100 Mc, 5r' = 1o5 meters. Note that the fixed error is independent of range and

carrier frequency and is a function of frequency excursion only.

There are several techniques to make the fixed error small. One technique is to make the

frequency excursion large, however, this technique reduces the signal-to-noise ratio of the

system. For the system proposed by us above, a frequency discriminator was employed. The

fixed error is not present in a non-counting (continuous) frequency meter such as a frequency

discriminator. The discriminator output is a voltage proportional to frequency and is contin-

uous rather than discrete. The discriminator circuits are not capable of as wide a range of

frequency operation as the frequency counter. However, for our application, this will not be

problematic since the frequency range of operation is very small. Many of the errors which

enter in the measurement of absolute range do not affect this system, since we are primarily

interested in measuring the difference of the highest and lowest beat frequencies.

E.2.3. TRANSMITTED POWER REQUIREMENT

E.2.3.1. Derivation of Signal-to-NoiseRatio. Let us derive the signal-to-noise ratio

(S/N) expressions for this system operating against a continuous background noise of the

earth.

To calculate the signal power available at the mixer, we define the spectral radiance of the

source N_ as the radiant power per unit solid angle per unit wavelength interval omitted from

the source. For the laser case

Pt watts_m-2_ sterad- 1_/_
N_ - A_t_tA t

where

-1

_Xt is the laser's transmittance bandwidth in microns

Pt is the power of the transmitting source in watts

A t is the area of the transmitting source in square meters

f_t is the solid angle of the transmitter beam in steradians represented by

2
_t = 4 Od

in which 0d is the half power beamwidth.
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Consider the wavelength interval X and _ + d_. If the emitting aperture has an area At,

the differential flux density within the beam at a distance r is

A t

dP = _tTN_ --_ d_
r

where the factor _t accounts for the losses of the transmitter optics at wavelength _, and T is

a factor accounting for the transmittance of the atmosphere.

The power reflected back to the radar by the sea is given by

dP = 0t T -_ _ 0
r

where _ 0 is the area of the beam intercepted by the ocean, p is the reflectivity of the ocean

and we assume for the purpose of this calculation to follow the cosine law distribution into the

outward hemisphere.

The power input to the mixer is the product of G, At/r2 , dP and _r' where G is the gain of

the light amplifier, A is the receiving aperture area and _Tr is a factor which accounts forr

losses in the receiver optics at wavelength k. Thus

G0t_rT2At ( 2d_PdP = Art! r0 N kdkr r4 4

The total power reaching the mixer is

: qtrirT2pNkclk (4)P

r 4r 2 1

where k 2 - A1 may be the filter or the transmitter modulation bandwidth.

The detector output will be a voltage or current which is proportional to the input flux.

For a photoemissive detector we designate this constant or proportionality as R(k); it is called

the detector responstvity. For a photoemissive detector, the photocathode current i due to an

input dP at wavelength _ is

di =R(k)dP
r

or

_2

i = f>, R(k)dP r
1
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Substitutingthe expression for dP in the above equation, one obtains
r

GAtAr02d _2

ipeak - 4r---_ jX 1 _t_rT2pR(X)Nx dX
(5)

No matter which of the modulation techniques one employs, the photocathode current i may be

expressed as the sum of the time varying signal it(t) and an average (or dc component) It:

i I= +
r r

For the purpose of calculating signal-to-noise ratios, itis necessary to determine the root

mean square (rms) signal current

{_r2}I/2=ipeak/F I (6)

where F 1 depends on the type of modulation used, and can be calculated once the modulation is

known.

In a similar manner, the average signal current can be evaluated by introducing a factor

F2which is defined as the ratio of peak to average photocathode current. The average current

can be written as

I r = ipeak/F 2 (7)

The value of F 2 also depends on the type of modulation, Let us now simplify the expression for

ipeak by substituting the expressing for Nk

GA ;_2

r fx Pt(X)_t_rT2pipeak = _ dA
lrr 1

E.2.3.2. Noise Considerations. There are three important sources of noise in this

type of system: background, detector, and photon noise° The background noise arises from the

reflectionof the suns energy by the earth. Detector noise is caused by various noise sources

within the particular detector used. Photon noise is due to the random emission and arrival of

photons.

For this type of system it was shown in (Ref. 82) that as long as the photocurrent pro-

duced by the local oscillator is larger than the dark current or the photocurrent induced by

the background, itis possible to achieve a signal-to-noise ratio determined by the noise in the
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signal. Thusfor thepurposeof this study, we shall assume the system to be photon noise

limited.

The statistical emission of electrons at the detectors photocathode gives rise to shot noise.

The rms value of this noise current is given by the familiar Schottky formula

-2
i = 2eI_f (9)n

where I is the average photocathode current.

given in Equation (7).

For this study, I will be assumed to be equal to I
r

The ratio of the mean square signal current to mean square noise current in the same band-

width is defined as the signal-to-noise power ratio and is given below:

-2
S 1

N -2
l
n

The signal-to-noise ratio for the limiting noise is given by

S F2AG r
N= 2 2

F 1 nr

f_12Pt (X)T/t_/r T2pR(X) cl_

2e_f (I0)

E.2o3.3. Discussion of Parameters. The parameters employed in the system are

state-of-the-art and are immediately realizable. The results obtained do not represent ulti-

mate performance of such a system, but it will serve as an indication of what can be easily

accomplished.

E.2.3.4. Assumptions. Source and Transmitting Optics. Using the results of a previous

laser systems study for communications through atmosphere to space, the transmitting laser

source was determined to be a gas laser operating at a wavelength of 1.0610 /_ (Ref. 83)

This study concluded that only gas lasers have the necessary spectral coherence for FM tech-

niques. The systems performances were compared by calculations and the best system wave-

length was 1.0610_. Also, the minimum transmitting beamwidth was concluded to be 10 sec. of

arc considering tracking servomechanisms state-of-the-art and atmospheric scintillation and

dancing of laser beam. Thus we choose a gas laser source operating at 1.0610 g and a trans-

mitting beamwidth of 10 sec. The transmittance of the transmitting optics will be taken as

_t = 0.50
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becauseit assumedto usea lensto convergethelaser outputinto 10sec.beamwidth.

Receiver. The aperture area of the primary collecting parabolidial mirror will be taken

to be 1 square meter with hyperbolical secondary mirror forming a pseudo-Cassegrainian re-

flective optical system. We shall assume this optical system transmittance to be 7?r = 0.90

which also includes the losses in the filter. The system will include 10 Angstrom optical filter

to exclude background noise lying outside the spectral region occupied by the returned laser

signal.

For the detector-mixer, we choose the photomixer diode or a Riesz photodiode (Ref. 84).

Photomixing can only be accomplished by photomultipliertubes, traveling-wave phototubes and

photodiodes. For the 1.0610 _t wavelength, the Riesz photodiode has the highest responsivity of

all the photo mixer type detectors. The responsivity for this photodiode is R = 0.426 amps watt

and has a response time of 10 -11 sec with a dark current of 10 -9 amps.

Modulation Technique. Frequency modulation provides a substantial improvement in S/N

at the expense of bandwidth (Ref. 85). In calculating this S/N we shall first calculate it for

intensity modulation and then multiply by a factor to obtain the S/N for frequency modulation.

The ratios of peak signal current to the rms and average signal currents are defined by F 1

and F2, respectively. A 100 percent intensity modulation of light beam by a sine wave would

give at the output of the detector a sine wave current whose amplitude varied from zero to some

peak value. The rms value of the signal sine wave is its peak to peak value divided by 2_f2;

thus F 1 = 2_/2. The average value of this current is one half the maximum amplitude, so that

F 2 = 2. For the calculations we will assume

F 1 = 2,_

F2=2.

E.2.3.5. Calculation of Required Power. Let us calculate the cw power necessary to ob-

tan a signal-to-noise ratio of 10 db for an excursion frequency of 100 Mc. We shall assume

that the optical radar source is in a 370 km orbit, with the power radiating perpendicular to a

plane tangent to the earth. We shall make use of the following numerical values:

Signal-to-Noise Ratio(R)= 10

Receiver Light Amplifier Gain (G) = 103
5

Range (r) = 3.70 × 10 meters

Transmitter Optical Transmittance (7/t) = 0.50
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For

Receiver Optical Transmittance (Or) = 0.90

Modulation Factor (FI) = 2v_

Modulation Factor (F2) = 2

Receiving Aperture Area (Ar) = 1.0 square meter

Atmospheric Transmittance (T) = 0.90

Ocean Reflectance (p) = 0.10

Detector Responsivity (R) = 0.426 amp/watt

Electron Charge (e) = 1.6 x 10 -19 coulomb

Bandwidth (Af) = 100 Mc

a laser source, Equation (10) can be simplified and written as

S GF2 ( AA.A_I( 7}tZ/rT2pR _

bl =F12-\_r/ \ _ /Pt (11)

Substituting the above numerical values into this equation we obtain for the power

[ (0"5)(0"90) (0"81)(0" I)(0"426)I Pt (12)103 1
10=

""°' 105)2L 2(i.6×10-19)108J"

Pt = 3.550 watts

Thus the CW laser power of 3.55 watts required is well within the present state-of-the-art for

laboratory lasers. An argon gas CW laser, operating at 0.5145 g was reported by Raytheon to

produce 14 watts (Ref. 86). Itwas reported by C. H. Townes during the last American

Physical Society meeting that 100 watts of CW power from a laser can be expected by 1970.

The neodymium doped glass rod laser amplifier needs further development for continuous wave

usage as receiver lightamplifier for the FM-CW laser altimeter. This light amplifiers average

power output in the pulsed operation presently has enough power gain but needs CW operation.

Itis highly probable that the required lower power CW laser amplifiers will be developed in

the very near future (6 months to 2 years).

S

By employing frequency modulation, we shall obtain a substantial improvement in_i of

Equation (11) at the expense of increased bandwidth. This is characteristic of all noise improve-

ment systems. This improvement is given in Ref. 85 by the relation

3_ _N0) AM
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where _ = ,_f. The signal-to-noise ratio of 10 used in equation (11) (which is the AM case) can
lm

be increased by 20 to 30 db for wide band FM. However, one cannot increase the output N in-

definitely by increasing the frequency deviation and hence the bandwidth. This relation fails

when fl gets very large.

Average Power Reduction Improvements

Employing optical heterodyne detection, the noise limitations due to the detector noise and

background interference has been eliminated, leaving the signal noise current the limiting fac-

tor. By examining equation (10), we see that the next step is to increase the power at the trans-

mitter. For these type of measurements, we do not require very high information rates, thus

by switching from a cw optical radar to a chirped radar, would enable us to employ pulsed

light amplifiers and possibly sources of higher output power lasers. A gain of 20 db in light

amplifiers stages with 20 db interstage isolation should allow an overall gain of 60 db, thereby

improving this system considerably.

E.2.4. FM-CW LASER ALTIMETER ACCURACY. The ultimate accuracy of FM-CW lasers

altimeters depends upon the combined error of two factors, the measurement error and the

geometrical resolution accuracy. It was shown in Section E.2.2 using Equation (2) that the meas-

urement error for cycle counting (complete cycles only) was determined to be 0.75 meters and

was independent of both range and laser carrier frequency. If one uses an FM discriminator

as was indicated for the proposed FM-CW optical radar system (FM-CW laser altimeter), the

measurement error can be reduced easily by a factor of 1/1000 thus making the measurement

error 7.5(10 -4) meters or 0.75 millimeters. The geometrical resolution error for a 10 seconds

of arc beamwidth, as shown in Figure 64 is 1.088(10 -4) meters. This resolution accuracy, the

difference in range between the center of the beam (h) and the outside of the beam (R), was cal-

culated using the following equation:

h- R=Rsec_-R=R ec-_- 1

where 0 is the beamwidth in radians. Using the series expansion for see 0 and reducing equa-

tion (13) reduces to

h R = R( 1
O2 5

O4 '
- +-_ . . .1

which is plotted in Figure 64.

The resulting accuracy for the FM-CW laser altimeter with a 10 second beamwidth and

using an FM discriminator is an rms error of
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/-

V[7.5(I0-4)] + [1.088(10-4)] = +7.569(10 -4) meters

E.2.5. FM-CW LASER ALTIMETER CHARACTERISTICS. The estimated characteristics

of the proposed 1970 FM-CW laser altimeter considers power input (from an external source),

weight and volume (not considering automatic data processing or satellite-to-earth data link)

and platofrm (or satellite)stabilityrequirements.

E.2.5.1. Input Power Requirements. The input prime power requirements for the pro-

posed FM-CW laser altimeter are as follows:

Transmitter

CW Gas Laser

Modulator

Receiver

CW laser amplifier

3.55 watts
710 w

.005 efficiency
25 w

0.1 watts

.001 efficiency =

0.01 watts
Optical local oscillator

.001 efficiency =

Photomixer, Amplifier, and Discriminator

Indicator (Spectrum analyzer type with
frequency marker generators)

Servomechanisms (to point combined optical system)

Total

200 w

II0 w

50 w

i00 w

lOw

1205 watts

It was assumed that receiver electronic circuit components are all solid state.

E.2.5.2. Systems Weight.

Transmitter

Optical System (lens type)

CW Gas Laser

Modulator

Receiver

Pseudo-Cassegranian reflector optical system (an aperature
diameter of 1.12 meters and made of coated beryllium

metal, parabolidial primary mirror)

CW Laser amplifier

Optical Local Oscillator

The weight of the proposed FM-CW laser altimeter is as follo_

1 lb

50 lbs

<1 lb

20 lbs

10 lbs

10 lbs
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Electronics* (photomixer detector, delay line,

amplifiers, discriminator)

Indicator* (spectrum analyzer)

Optical System Pointing Servomechanism**

50 lbs

50 lbs

10 lbs

Total 202 lbs

The weight portion of the reactor type prime power source for the 1.005 kilowatts of the FM-

CW laser altimeter is between 20 and 35 lbs. This assumes that the total satellite requirements

are 35 kw and requires a SNAP 8, 8A or 50 reactor prime power system (see Table XIH, Sec-

tion 5.5).

E.2.5.3. System Physical Size and Volume. The volume requirements for the proposed

FM-CW laser altimeter are as follows:

Transmitter

Transmitter optics (lens 2 inch diameter and 2 inches long)

CW laser with modulator (10 inch diameter and 3 feet long)

Laser power supply

Receiver

Pseudo-Cassegrainian Optical System with photomixer
(3.2 feet diameter and 3 feet long)

Laser optical amplifier (4 inch diameter and 10 inches long)

Laser local oscillator (4 inch diameter and 10 inches long)

Laser power supplies

Electronics* * * (amplifier, delay line, discrimminator)

Indicator* * *

3
6 in.

1.6 ft 3

1.5 ft 3

7.7 _3

125in. 3

125in. 3

2 if3

1 _3

1.5 if3

Total 15.3 ft 3

E.2.5.4. Platform Stability Requirements. The transmitter (optical system, CW laser

source and modulator) and a portion of the receiver (optical system, laser amplifier, local os-

cillator and detector) require pointing directly in the nadir direction from the satellite to meas-

ure the absolute satellite altitude or relative heights on the earth's surface (i.e., ocean wave

*Receiver electronic and indicator electronics are solid state integrated electronic
circuits.

**The spacecraft has an independent stabilizing system and this weight is not included.

***Solid State Integrated Electronics Circuit Packages.
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height). Sincethedatarate canbecontinuoususingthis FM-CWaltimeter, theplatform sta-

bility mustbewithin to 1//2beamwidthof theoptical systems. This requires a continuous
platform (or satellite) stability of 5 secondsof arc (in roll andpitch) for receiver andtrans-

mitter opticalandlaser components.Theyawstability mustbeadjustablecontinuouslyfor
thevector groundtrack onthe earth's surfaceandrequires a platform stability of 10seconds

or greater. This dependsuponphysicaldistancebetweentransmitter aperatureandreceiver
aperture. Theshorter this distanceis, the lessyawangularstability is required.

E.2.6. OPERATORREQUIREMENTS.Sinceoptical laser altimeters cannotbeused

throughclouds,thesealtimeters needto be turnedononly wherethe satellite is over cloudless
or partially cloudyskies. Thegroundpathmustbedeterminedmanuallyby a drift sightor

orbital pathdatacalculatedat groundstation. Thepathanglevaries with the satellite yawaxis
withchanginglatitudeandtherefore mustbecontinuouslychangedfor all orbits exceptanequi-

torial orbit. Theyawaxis of laser altimeter platform is determinedby the line throughthe

centersof thetransmitting andreceivingoptical systemsaxes.

Becauseof theroundtrip propagationtime of 2.472(10-3) secondsfor a 200n mile satellite,

thetransmitter optical systemaxis mustbepointedas to leadthe vertical by 5 seconds of arc

and the receiver optical system axis must be pointed as to lag the vertical by 5 seconds of arc.

Thus the axes of these two 10 second beamwidths optical systems are required to be displaced

by 10.571 seconds of arc which makes it impossible to have coaxial optical systems. The oper-

ator must adjust the drift angle to stabilized platform plus it might be desirable to have fine

adjustment for the receiver optical pointing axis and tune for maximum signal return by the

maximum amplitude on the CRT of the indicator. Since the data is continuous for an FM-CW

laser altimeter, the relative ocean or ground profiles must be recorded with a time base so as

to determine the data as to position on the earth. This can be done automatically or manually

by having the operator record time and relative surface height data.

E.2.7. EXTENSION OF APPLICATIONS OF FM-CW LASER ALTIMETER. To extend this

system to other possible uses such as the determination of wavelength, and possibly wind direc-

tion of wind waves, would require certain modifications in the system.

To determine the wind direction, one can possibly employ the laser altimeter return char-

acteristics. Since the ocean waves are not sinusoidal, by sweeping the altimeter optics and

observing the return characteristics one might be able to determine the wind direction. The
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determinationof thewind direction would require experimentation and calibrations from high

speed aircraft to determine the feasibility of the method.

For the case where the wavelength of the wind waves are larger than the 17 meter diameter

of the area subtended by the laser beam, one should be able to measure the wavelength by meas-

uring the time difference between two beat frequencies. That is, by tuning the filter to measure

the best frequency of the wave crest one can obtain the time interval between the beat frequen-

cies. By multiplying the time interval by the velocity of the satellite, the approximate wave-

length of the wind waves can be obtained.

E.3. PULSED LASER ALTIMETERS

The pulsed laser altimeter to be considered is shown in Figure 65. It is basically a

pulsed laser radar rangefinder of the type which have been manufactured and tested by a num-

ber of companies. The laser rangefinders are designated by various acronyms such as

COLIDAR (coherent light detection and ranging) and OPDAR (optical detection and ranging).

Since much of the research effort on laser rangefinders is classified information, we shall dis-

cuss the basic system principles and similarities to the FM-CW laser altimeter discussed in

Section E.2. The transmitter consists of an optical system, a pulsed laser source and rotating

prism Q-spoiler. The receiver has a Cassegrainian optical system, photodiode detector, elec-

tronic amplifiers, electronic counter, and indicator. The pulse rate (and data rate) of the sys-

tem is controlled by the master pulse generator.

pulsed laser source generates a light beam with a peak power of l_t(_,)In the transmitter

watts. The transmitter optical systems is transmission lens type with a transmittance of _t(k)

and an optical gain, Gt, which normalizes the power in the beam compared to that from an iso-
4_

tropic radiator. G t =_- where _ is the solid angle half-power beamwidth of the transmitter

02.
and is by _ = _ The power consideration in the beam was discussed in Section E.1.2.

The receiver optical system is a pseudo-Cassegrainian reflection type with optical filtering

surfaces plus transmission filters. The transmittance of this optical system is _t(_t). This re-

ceiver optical collects and focuses the returned received power on the detector. The detector

converts the received optical power into electrical voltages which are amplified by the preamp-

lifier and pulse amplifiers. The absolute range is determined by the high speed counter but

relative height of surface objects in the beam width is determined by comparing the transmitted

pulse with the returned pulse on the CRT display of the indicator. The master oscillator

211



3

I_11# I
iI-_1
I I
I I

t t_o

_---D

0

\ /

/ \

E_

0

I

_o

0

C_
.<

.<
r.)
i=_

0
C_

r._
.-1

r3

212



determines the data rate of relative height measurements. Since the output of pulsed laser

waveforms are non-repeatable, this type of laser altimeter must take data on each pulse and

integrating a number of pulses is very difficult because of the variations in time delays of the

pulsed laser when triggered by master oscillator (time jittering). Although the round trip pro-

pagation time for a 200 n mile satellite is 2.4723(10 -3) sec (or a prf of 404.5 cycles per second),

the maximum prf is limited by the laser to 10 cps.

E.3.1. RANGE MEASUREMENT USING PULSED TECHNIQUES. The absolute range of

pulsed altimeters is dependent upon the steepness of transmitted and received pulses and the

signal-to-noise of the received pulse. The theories and practices of steep rise time pulse gen-

eration is well known and has steadily improved in radar systems since World War II (Ref.

87. 88 8c,, and 90). The range resolution measurement or the absolute range is normally

thought of as the pulse width (10(10 -9) sec for pulsed best lasers). Absolute range, R, is given

by the following well known equation

2c
1:{=_

5t

where c is the velocity of light and 5t is the time difference transmitted and received pulses.

In Figure 66 5t is determined by a high speed counter.

The difference height (range) of objects in the beam (such as ocean waves) can be deter-

mined by pulse spreading as shown in Figure 66. Figure 66 shows and compares the trans-

mitted pulse and delay received pulse as would be shown on dual beam oscilloscopes. The

pulse spreading or relative height measurement is difficult to measure electrically but with a

well-trained operator, it is quite accurately estimated.

E.3.2. SIGNAL-TO-NOISE RATIO FOR PULSED LASERS. The signal-to-noise ratio for

laser altimeters was derived in Sections E.2.3.1 through E.2.3.3 and is the same as equation
A

(10) except for peak transmitted power Pt(A) is substituted for the average power Pt(A) and

_ince there is no optical amplifier, G = 1. Thus, equation (10) becomes

S F2 Ar

N F 1 _r 2

_2

Pt(k)_t_rT pR(k) dk

1

2eAr
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S

Where

F 1

A
^ r

Pt (_)

T

P

R(_)

r

e

X1

is the signal-to-noise ratio

and F2 are modulation factors

is the area of receiving aperture

is the laser peak power

and z/rare the transmittance of transmitter and receiver optical systems, respec-

tively

is the transmittance of the atmosphere

is the reflectance of target surface

is responsivity of the detector at wavelength

is the range

is the electronic charge

is the bandwidth of the receiver

and _2 are wavelength limits of the system

E.3.3. ASSUMPTIONS

E.3.3.1. Source and Transmitter Optics. The laser source was chosen to be glass doped
A

neodymium laser operating at wavelength of 1.064/_and having a peak power Pt of 5 megwatts.

The choice was determined from previous study of laser propagation through the atmosphere

to space (Ref. 83). The transmitter beamwidth was again chosen to be 10 seconds and the

transmittance of its optical system was assumed to be Wt = 0.50.

E.3.3.2. Receiver. The aperture area of the primary collecting paraboloiclal mirror will

be taken to be 1 square meter and having hyperboloidal secondary mirror forming a pseudo-

Cassegrainian reflective type optical system. We shall assume the transmittance of this optical

system with reflective coating fiRer and transmission fiRer to be qr = 0.90. The totalfilter

pass band will be I0 Angstroms in wavelength to exclude unwanted background radiation.

E.3.3.3. Modulation Techniques. For AM modulation the ratios of peak signal current to

the rms and average signal currents are defined by F 1 and F2, respectively. A 100 percent

intensity modulation of light beam by a sine wave would give at the output of the detector a sine

wave current whose amplitude varied from zero to some peak value. The rms value of the sig-

nal sine wave is its peak to peak value divided by 2_f2; thus F 1 2_f2. The average value of this

current is one half the maximum amplitude, so that F 2 = 2. For the calculations we will assume
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F 1 = 2_2

F2=2

E.3.4. CALCULATION OF RECEIVED SIGNAL-TO-NOISE RATIO. The required signal-

to-noise ratio can be calculated from the modified equation (11) Section E. 2.3.5. For good puls

fidelity, the receiver bandwidth must have a bandwidth of 100 Mc. The calculation will be made

considering the pulsed laser altimeter is in a 200 n mile satellite orbiting the earth and the

laser power radiates in a perpendicular direction to a plane tangent to the earth (i.e., the nadir)

The following numerical values shall be used:

Signal-to-noise (S/N)

Modulation factor for AM (F1) = 2,/2

Modulation factor for AM (F2) = 2

Receiver aperture area (Ar) = 1 sq meter

Transmittance of the transmitter optics (_t) = 0.50

Transmittance of the receiver optics (_r) = 0.90

Atmospheric transmittance (T)--- 0.90

Ocean reflectance (p) = 0.10

Detector responsivity (R) = 0.426 amp watt
A

Peak transmitter power (Pt) = 5(109) watts

Range (r)= 3.70(105) meters

Electronic charge (e) = 1.6(1019) coulomb

Receiver bandwidth (Af) = 100 Mc

The modified equation (11) for pulsed laser altimeters is:

S ___ Ar _/_?t_?rT2pR_ ^

Substituting the above numerical values into this equation we obtain for the signal-to-noise

S 2 1

_[(3.71(Io51]

ratio

(0.5)(0.90)(0.90)2(0.1)(0.426) 5(109 )

(2)(1.6)(10-19)(108)

s = 4.96 (106)
N
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Therefore,using5 megawattsof peak power for the pulsed laser is very adequate for pulse

laser altimeters. All the parameters for the above calculation are obtainable by present com-

ponents and manufacturing techniques.

E.3.5. PUI._ED LASER SYSTEM ACCURACY. The ultimate accuracy of a pulsed laser

altimeter depends upon the error in measuring pulse stretching of the received pulse as com-

pared to transmitted pulse. Using trained A-scope operators and having dual beam presenta-

tion, the relative accuracy can be 1/10 of the rise time of 20 nanoseconds can be obtained which

equals 2 nanoseconds or ocean wave height accuracy of 0.6 meters. Although it is predicted by

Townes that laser pulse power of 1012 watts and a pulse width of 10 -11 seconds is practical,

pulse laser altimeters will be limited by the larger electronic amplifier bandwidth and shorter

detector response times required (Ref. 91). A pulse width of 10 -11 sec requires an ampli-

fier bandwidth of 100 Gcs. Also the best detector response times are slightly shorter than 10 -10

seconds for Reise photodiode detectors.

E.3.6. PULSED LASER ALTIMETER CHARACTERISTICS. The estimated characteristics

of the proposed state-of-the-art pulsed laser altimeter considers power input (from an external

source), weight and volume (not considering the satellite-to-earth data link) and the platform

(or satellite) stability requirements.

E.3.6.1.

pulsed laser altimeter are as follows:

Transmitter

Pulsed solid state laser (500 pulses)

Master Oscillator*

Receiver

Amplifiers*

High Speed Counter*

Indicator*

Input Power Requirements. The input prime power requirements for the proposed

100 w

10w

50 w

25w

100 w

Total 285 w

*All electronic circuits components are solid state.
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E.3.6.2.

Transmitter

Optical system (lens type)

Pulsed Neodymium laser (including flash lamp
and power supply)

Master Oscillator

Receiver

Pseudo-Cassegrainian reflector optical system

(an aperture diameter 1.12 meters with primary
and secondary mirrors made of coated beryllium)

Electronics* (preamplifier, pulse amplifier and

high speed counter)

Indicator*

Optical Systems Pointing Servomechanism**

System Weight. The weight of the proposed FM-CW laser altimeter is as follows:

2 lbs

15 lbs

1 lb

20 lbs

30 lbs

50 lbs

10 lbs

Total 128 lbs

The weight portion of the reactor type prime power source for 285 w of the pulsed laser alti-

meter is between 5.5 and 4.6 lbs. This assumes that the total satellite requirements are greater

than 35 kw and thus requires a SNAP 8, 8A or 50 prime power system (see Table XIII in Section

5.5).

E.3.6.3.

altimeter are as follows:

Transmitter

Transmitter optical system (lens 2 inch diameter
and 4 inches long)

Pulse laser (3 inch diameter, 6 inches long)

Laser Power Supply

Receiver

Pseudo- Cassegrainian optical system (3.2 feet
diameter and 3 feet long)

Electronics* (preamplifier, pulse amplifier, and
high speed counter)

Indicator*

System Physical Size and Volume. The volume requirements for the pulsed laser

3
12 in.

.1 ft 3

.5 ft 3

7.7 ft 3

1.0 ft 3

1.5 ft 3

Total 9.8 ft 3

*Receiver electronics are solid state integrated electronic circuits.

**If the spacecraft has an independent stabilizing system, this weight can be reduced.
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E.3.6.4. Platform Stability Requirements. The stability of the platform requirement which

points the transmitter laser and optical systems and the receiver optical system and detector

are the same as discussed in Section E.2.5.4, because the beamwidths are the same (10 seconds

of arc). Section E.2.5.4 concluded that the platform stability required 5 seconds of arc in roll

and pitch but a greater tolerance was acceptable in yaw.

E.3.7. OPERATOR REQUIREMENTS. Since optical laser altimeters cannot be used through

clouds, these altimeters need to be turned on only where the satellite is over cloudless or par-

tially cloudy skies. The ground path must be determined manually by a drift sight or orbital

path data calculated at ground station. The path angle varies with the satellite yaw axis with

changing latitude and therefore must be centinuously changed for all orbits except an equitorial

orbit. The yaw axis of laser altimeter platform is determined by the line through the centers

of the transmitting and receiving optical systems axes.

Because of the round trip propagation time of 2.472(10 -3) seconds for a 200 n mile satellite,

the transmitter optical system axis must be pointed as to lead the vertical by 5 seconds of arc

and the receiver optical system axis must be pointed as to lag the vertical by 5 seconds of arc.

Thus the axes of these two 10 second beamwidths optical systems are required to be displaced

by 10.571 seconds of arc which makes it impossible to have coaxial optical systems. The oper-

ator must adjust the drift angle to stabilized platform plus it might be desirable to have fine

adjustment for the receiver optical pointing axis and tune for maximum signal return by the

maximum amplitude on the CRT of the indicator.

Since the data is not continuou.q for a pulsed laser altimeter, but almost continuous (up to

10 pulses per second), the relative ocean height or ground profiles must be recorded with a

time base so as to determine the data as to geographical position on the earth. The maximum

data rate represents a circular patch of 17.96 meters in diameter every 726.9 meters. (The

velocity of the 200 n mile satellites nadir the earths surface is 7269.8 meters/sec for a polar

orbit). The profile data every 727 meters is too low for earth land areas but it is sufficient for

ocean wave height (Ref. 92).
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